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SYMPOSIUM ON THE PHYSIOLOGY OF ACETYLCHOLINE 
I THE ROLE OF ACETYLCHOLINE IN CONDUCTION* 


DAVID NACHMANSOHN 


(From the Department of Neurology, College of Physicians and Surgeons, Columbia 
University, New York) 


INTRODUCTION 


For more than a century neurophysiology was limited to the study 
of the electrical signs of activity, but the necessity for an understanding 
of the underlying chemical mechanism was well recognized by leading 
neurophysiologists. The small electric currents which propagate the 
nerve impulse cannot derive the energy from the stimulus itself; the 
energy must be supplied locally by a “propagated disturbance,” as 
Keith Lucas pointed out (1). Experimental confirmation of this view 
was obtained in 1926, when A. V. Hill succeeded in measuring the 
heat production and O. Meyerhof the extra oxygen uptake connected 
with nerve activity. The difficulty of studying the chemical reactions 
directly responsible for the propagation of the impulse is easily under- 
stood if we keep in mind two essential features of conduction: (i) the 
high speed, and (ii), the small amount of energy required. According 
to A. V. Hill, the initial heat production in a frog sciatic per gram per 
impulse is, at room temperature, of the order of magnitude of 1 to 2 
ergsor 10-* gram calories. The energy released by the oxidation of one 
gram of sugar is equivalent to the initial heat of several hundreds of 
billions of impulses per gram nerve. The amount of any chemical 
substance metabolized in this primary event is most likely of an order 
of magnitude far below the range of our best micromethods. Since, 
moreover, these chemical reactions take place in a period of time shorter 
than one thousandth of a second, probably close to one ten-thousandth 
of a second, it is obvious that direct chemical measurements of the 
active substances are at present impossible. 

However, stimulated by the pioneer work of O. Meyerhof, much 


* Most of the work presented in this paper was supported by grants from the 
Josiah Macy, Jr., Foundation. Part of the work was done under contract between 
the Medical Division, Chemical Corps, U. S. Army and Columbia University. 
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valuable information about the chemical mechanism of another cellular 
function, that of muscular contraction, has been obtained during the 
last two decades in a different way, viz., by the study of the enzyme 
systems which catalyze the substances involved. It is true that en- 
zyme activities measured in vitro indicate only potential reaction rates. 
Such studies can supply, therefore, only indirect information. But if 
we succeed in correlating the enzyme activities in the living cell with 
function recorded by physical methods, the result may be as conclusive 
and as direct as that which would be obtained by a similar correlation 
of the substrate metabolized by the enzyme. This kind of approach 
appeared particularly promising for the study of the chemical mecha- 
nism of conduction in view of the high rate and the small quantities of 
substrate metabolized. 

During the last fifty years, two chemical compounds were specifically 
connected with nerve activity: adrenaline and acetylcholine. Early 
in this century, R. T. Elliot (2) suggested that adrenaline might be 
released from sympathetic nerve endings and act as a chemical mediator 
of the impulse transmitting it from the nerve endings to the effector 
organ. This idea made a profound impression on many physiologists. 
Especially after the observations of Loewi and Dale, that acetylcholine 
may appear under certain conditions in the perfusion fluid following 
the stimulation of certain nerves, the theory of neurohumoral or 
chemical transmission found many supporters. The theory stimulated 
a great number of investigations and many interesting and valuable 
observations resulted from these studies. There were, however, 
many difficulties and contradictions, and neurophysiologists became 
increasingly opposed to the idea (Erlanger (3), Fulton (4)). 

During the last twelve years, the enzymes connected with the for- 
mation and hydrolysis of acetylcholine were studied and correlated 
in many ways with the electrical manifestations. These investiga- 
tions have shown that the hypothesis of chemical transmission as 
proposed originally has to be modified. The release and the removal 
of acetylcholine are intracellular processes occurring in the neuronal 
surface and are a necessary link in the chain of reactions which generate 
the small electric currents conducting the impulse. The facts on 
which the assumption of a réle of acetylcholine in the conduction of 
the nerve impulse has been built have been reviewed (Nachmansohn 
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5-7). In the first part of the lecture, the most important results of 
these investigations may be briefly summarized. It may be stressed, 
however, that this paper is limited to a few aspects pertinent to the 
role of acetylcholine and that other developments important for the 
understanding of conduction cannot be discussed. 


I. BASIC FACTS IN FAVOR OF A ROLE OF ACETYLCHOLINE IN CONDUCTION 
A. Cholinesterase 


Five essential features of physiological significance emerged from 
the studies on cholinesterase: (i) the ubiquity of the enzyme in all 
conductive mechanisms (nerve and muscle) throughout the whole 
animal kingdom. The enzyme is present in the Tubularia, a hydrozoan 
coelenterate, which possesses the lowest form of neuromuscular tissue 
comparable to that of higher groups of animals (8). (ii) the exclusive 
localization of this enzyme in the neuronal surface where the bioelectric 
phenomena occur (9). (iii) the extremely high speed at which the 
hydrolysis of acetylcholine by cholinesterase may occur. The “turn- 
over number” of this enzyme is about twenty million per minute. 
One molecule of enzyme may split one molecule of acetylcholine in 
about 3 to 4 microseconds (10). This speed is perhaps the most out- 
standing feature of the enzyme system since it is a prerequisite for 
any assumption connecting a chemical reaction directly with electrical 
manifestations. No other chemical reaction known to be connected 
with nerve activity has a comparable speed. (iv) a significantly high 
concentration of the enzyme in all nerve tissue. From the data ob- 
tained with the giant axon of Squid, e.g., it was calculated that one 
square mm. of neuronal surface is capable of splitting 1 x 10° molecules 
of acetylcholine in a thousandth of a second. (v) the specificity of 
the enzyme in nerve and muscle tissue for acetylcholine. The enzyme 
is distinctly different from the esterases of other tissues, although the 
specificity is relative and not absolute, as could be expected in the 
case of an esterase (11). 


B. Correlation between cholinesterase and nerve activity 


All these features of the enzyme are suggestive and valuable as 
indirect support for the assumption that the activity of this enzymeis 
important for conduction. For demonstrating directly the réle of 
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cholinesterase during activity, it was necessary to correlate the enzyme 
activity with the electrical manifestations. This has been achieved 
in several ways. 

1) Direct proportionality between voltage and cholinesterase activity in 
electric tissue. The first such correlation was established in experiments 
on electric fish. The electric tissue has phylogenetically evolved from 
muscle. It is generally agreed that the electric discharge in this tissue 
is fundamentally identical with the action potential in nerve and 
muscle. The high voltage is due to the arrangement of the elements 
in series. Each physiological unit, the electric plate, produces about 
0.1 volt which is the same order of magnitude as observed in other 
nerves and muscles. The electric plates are homologous to motor 
end-plates. The contractile elements have disappeared in the strong 
electric organs but they exist as rudiments in weak electric organs. 
The remarkable structure of the electrolemma surrounding the nerve 
endings in the electric organ, has revealed interesting similarities with 
the post-synaptic membrane at the motor end-plate, as was recently 
shown by Couteaux (12). The electric discharge in this fish is more 
exactly homologous to the end-plate potential developed in the post- 
synaptic membrane of the neuromuscular junction. 

Great variations in the number of electric plates per cm. are found 
in the electric organ of the Electrophorus electricus, the South American 
electric eel. The frequency varies considerably with the size of the 
specimen and decreases from the head to the caudal end of the organ 
in each specimen. Since each plate develops, as mentioned above, 
about the same voltage, the variations of the voltage per cm. are con- 
siderable. A close parallelism was found between the number of 
electric plates, the voltage per cm., and the concentration of cholin- 
esterase (13). Studying this relationship on a large number of speci- 
mens covering a range from 0.5 volt to 22 volts per cm., it was found 
that if the voltage per cm. is plotted against the cholinesterase con- 
centration, the resulting line calculated by the method of least squares 
goes virtually through zero, which indicates a direct proportionality 
between voltage per cm. and cholinesterase activity (14). This finding 
is in striking contrast to the distribution of other enzymes and com- 
pounds like adenosinetriphosphatase, respiratory and glycolytic 
enzymes, phosphorylated substances, etc., which do not show any 
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significant variation in concentration in relation to the voltage de- 
veloped. The direct proportionality between physical and chemical 
processes suggests an interdependence of the two events. 

2) The discovery of choline acetylase. The electric organ is an un- 
usually favorable material for correlating electrical and chemical 
events. In view of the small energy involved in conduction, the 
chemical reactions in ordinary nerves are not within easy range of 
measurement, whereas in the electric tissue it is possible with the 
available methods to correlate the electrical and the chemical energy 
released during activity. It was found that the energy released by 
the breakdown of phosphocreatine per gram per impulse is adequate 
to account for the total electrical energy (15). It has been established 
by the work of Otto Meyerhof and his school that the phosphocreatine 
is only a storehouse for energy-rich phosphate bonds and that the 
breakdown of adenosinetriphosphate precedes that of phosphocreatine. 
It is believed today, on the basis of the work of Engelhardt and Ljubi- 
mova, Needham, Szent-Gyorgyi, and their associates, that adenosine- 
triphosphate may react directly with the muscle protein and that its 
breakdown may be the primary chemical reaction during muscular 
contraction. It was safe to assume therefore that the breakdown of 
adenosinetriphosphate occurs during nerve activity as in muscle, 
before that of phosphocreatine. But, it appeared unlikely for many 
reasons that the adenosinetriphosphate breakdown is the primary 
reaction connected with conduction, as recently proposed (16), be- 
cause of the marked differences between conduction and contraction. 
Among other obstacles, the greatest difficulty is the time factor. There 
is no evidence that adenosinetriphosphate breakdown may occur at 
the speed required for the primary event in conduction. The turnover 
number of adenosinetriphosphatase is 8,000 per min., as compared 
with 20,000,000 for cholinesterase. On the basis of the available 
evidence, it appeared more likely to assume that the release and re- 
moval of acetylcholine are the primary reactions connected with the 
changes of the protein or lipoprotein in the active surface membrane. 
The breakdown of adenosinetriphosphate was assumed to be the 
primary recovery process supplying the energy for the resynthesis of 
the acetylcholine hydrolyzed during the passage of the impulse. If 
this is correct, the energy of adenosinetriphosphate should be used for 
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the resynthesis of acetylcholine (17). This hypothesis was tested 
in the following way: A brain extract was prepared; to the cell-free 
solution obtained, acetate, choline, and adenosinetriphosphate were 
added. Other additions were: eserine for protecting the acetylcholine 
formed against the action of cholinesterase, and fluoride for preventing 
the too rapid breakdown of adenosinetriphosphate, since fluoride, 
according to Ochoa (18), inhibits the activity of adenosinetriphos- 
phatase but not that of the phosphorus-transferring enzyme. It was 
found that the cell-free solution contains an enzyme which forms 
acetylcholine at a high rate under strict anaerobic conditions, using 
the energy of adenosinetriphosphate (19). The enzyme was called 
choline acetylase. The discovery of this enzyme is consistent with the 
hypothesis formulated above, viz., that the breakdown of acetyl- 
choline precedes the breakdown of adenosinetriphosphate during the 
discharge of the impulse and that the energy of the adenosinetriphos- 
phate is used for the resynthesis of acetylcholine. At that period, 
in 1943, when this hypothesis was proposed and tested, no other chem- 
ical reaction outside the glycolytic cycle was yet known to use the 
energy of adenosinetriphosphate. It was the first demonstration that 
energy-rich phosphate bonds may be used for anaerobic acetylation. 
The whole enzyme system is rather complex but has been completely 
reconstructed in vitro (20-24). The most active preparations obtained 
from 150 mg. of acetylcholine per gram protein per hour. The bio- 
chemical aspect need not be discussed here. But two facts of physi- 
ological interest may be mentioned, which emerged from the studies 
with this enzyme system. First, the enzyme is present in all nerve 
fibers and also in muscle (25). The absence of acetylcholine in sensory 
nerves was considered for a long time, an obstacle for the assumption 
that this ester is essential for conduction. Evidence for the presence 
of choline acetylase in sensory nerves removes this objection since the 
presence of both choline acetylase and cholinesterase indicates that acet- 
ylcholine is metabolized there as well as in motor nerves. This is con- 
firmed by the observations discussed later, that inhibition of cholin- 
esterase blocks conduction in sensory as well as in all other types of 
nerves. It is true that the rate of synthesis in sensory seems to be 
slower than in motor nerves. In the optic nerve of the rabbit, 15 to 
20 wg. of acetylcholine were found to be formed per gram nerve per 
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hour as compared with 80 to 110 yg. in the motor nerve, although this 
rate is certainly not the maximum considering the technical difficulties 
(23). But quantitative differences of chemical reactions are to be 
expected in view of the many variations of the structural and electrical 
properties; the cholinesterase activity varies also considerably, not 
only in different types of nerves, but even in the same type of nerve in 
different species and groups of animals. 

Another point of physiological interest is the behavior of choline 
acetylase during the degeneration of the nerve fiber. It was claimed 
that the ability of nerves to form acetylcholine disappeared before 
failure of conduction (Feldberg (26)). The whole concept of a réle of 
acetylcholine in conduction was therefore assailed (27). These ob- 
servations, however, were based on inadequate techniques. Actually, 
more than one third of the choline acetylase activity is still present 
at the time when conduction disappears (22). Thus, the formation of 
acetylcholine considerably outlasts the ability for conduction. 

3) Effect of anticholinesterases on conduction. Obviously, if the 
rapid removal of the acetylcholine released during the passage of the 
impulse is necessary for conduction, interference with this mechanism 
should block conduction. This prediction was tested by the use of 
anticholinesterases. It could be shown that if nerves are exposed to 
anticholinesterases, like eserine and strychnine, the action potential is 
abolished (28). Since the enzyme inhibitor complex is easily reversible 
in the case of these compounds, washing of the nerves should restore 
conduction. This has been demonstrated with a variety of nerves. 
After abolition of the action potential by exposure of a nerve to eserine, 
subsequent washing evoked complete recovery. This cycle could be 
repeated several times on the same nerve. 


Il. THE MECHANISM OF DI-ISOPROPYL FLUOROPHOSPHATE 
(DFP) ACTION 


It was at this stage of development that investigations with a new 
anticholinesterase, di-isopropyl fluorophosphate (DFP), seemed to 
contradict the assumption of the necessity of cholinesterase for con- 
duction. These observations were presented at a symposium held at 
the New York Academy of Sciences early in 1946 (29). The discovery 
of this compound posed two distinct problems. First, whether the 
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high toxicity could be attributed exclusively to the reaction with 
cholinesterase. Second, whether it was possible, by exposure of nerves 
to this compound, to destroy cholinesterase irreversibly without im- 
pairing conduction. As pointed out by Dixon and Needham (30), DFP 
is one of the most powerful and most specific enzyme inhibitors. 
Among 20 enzyme systems tested, only the esterases were affected. 
There is growing evidence that compounds which are extremely potent, 
i.e., act in very low concentrations, produce their effect by interference 
with enzymes. It appeared then possible to assume that the high 
toxicity of DFP has to be attributed to its action on cholinesterase. 
Many difficulties and apparent contradictions, however, had to be 
overcome until a clear picture was obtained, and I would like to devote 
the second part of the lecture to the rather dramatic development of 
the last two years in connection with the investigations of the mecha- 
nism of DFP action. 

A. Reversibility of cholinesterase inhibition by DFP. Early reports 
seemed to indicate that the irreversible inactivation of cholinesterase 
by DFP is instantaneous. Since abolition of conduction in nerves 
exposed to DFP can be reversed, a completely irreversible immediate 
destruction of cholinesterase appeared incompatible with the assump- 
tion that the effect on conduction is due to the inactivation of cholin- 
esterase. It was suggested that the conduction in nerves exposed to 
DFP is blocked by a general toxic effect of this compound. 

It has been shown, however, that the irreversible inactivation of 
cholinesterase by DFP is not an instantaneous process but progresses 
rather slowly. The rate of irreversible inactivation depends on a 
number of controllable factors like temperature, concentration of 
inhibitor, and others (31). It could be demonstrated that, at low 
temperatures, the process may be partly reversed even after 2 to 3 
hours incubation of the enzyme with DFP. The higher the tempera- 
ture, the greater the rate of the irreversible process, the Qi. being about 
2. The concentration of the inhibitor is an important factor. For 
a given time of incubation, the range of the concentration at which 
reversibility may be demonstrated is rather small. Fig. 1 illustrates 
the dependence of the reversibility of the enzyme inhibition upon the 
DFP concentration. 

B. Parallelism between abolition of conduction and inactivation of 
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cholinesterase. This peculiar feature of cholinesterase inhibition by 
DFP, viz., its slowly progressive irreversibility, made it possible to 
establish conclusively the necessity of cholinesterase for conduction. 
A most striking parallelism has been demonstrated between the pro- 
gressive irreversible inactivation of cholinesterase activity and the 
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progressive irreversible abolition of conduction. The giant fibers 
which run through the abdominal chain of the lobster were selected 
for these experiments, since the cholinesterase activity here is high and 
the preparation therefore favorable for correlating electrical and 
chemical processes (32). 
In these experiments the nerves were exposed to DFP for varying 
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periods of time and then washed with seawater. The longer the period 


of exposure, and the less complete the recovery of the action potential, 
the smaller was the activity of cholinesterase remaining in the nerves. 
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Fic. 2. PARALLELISM BETWEEN THE PROGRESSIVE IRREVERSIBLE ABOLITION 
oF CONDUCTION AND THE PROGRESSIVE IRREVERSIBLE INACTIVATION 
OF CHOLINESTERASE IN LoBsTER NERVES Exposep to DFP 

Four nerve preparations shown in the 4 columns were kept in DFP (0.013M) 
for 30, 60, 90, and 120 min. respectively and then washed in sea water. The top 
line of each column shows the action potential in the untreated nerves. The second 
line shows the abolition of the response by DFP. The third line shows the degree of 
recovery of the action potential after prolonged washing of the nerve. The cholin- 
esterase activity still present is shown in the vertical bars of the fourth line. The 
CO, output is 233, 129, 88.5 and 50 cmm. per 100 mg. per hour as compared with 
about 2000 cmm. CO, in the normal preparation. 


When conduction was irreversibly abolished, the activity of the enzyme 
was 5 percent or less of the initial (Fig. 2). The same parallelism has 
been obtained in experiments with other nerves, especially also with 
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the giant axon of Squid, a single fiber preparation. In all instances 
where conduction could be restored, cholinesterase activity was still 
present (33). 

The parallelism between cholinesterase activity and conduction has 
been established, not only as a function of time but also as a function 
of temperature. It takes about 13 to 2 hours to abolish conduction 
at room temperature, and about 3 to 4 hours at 5 to 10°C, as could be 
expected on the basis of the rate of the irreversible inactivation of 
cholinesterase in vilro. According to these data, it should take only 
20 to 30 min. for obtaining this effect at 37°C. This was tested with 
the superior cervical sympathetic of the cat. If the nerves were ex- 
posed for a few minutes, and the action potential abolished, washing 
with Ringer’s solution could restore conduction. But, in about 20 
minutes, the process became irreversible (Fig. 3). Here again, cholin- 
esterase was found as long as ‘he action potential reappeared. No 
cholinesterase was found if conduction was irreversibly abolished after 
exposure to DFP (34). 

The same effect could be demonstrated with all types of nerves, 
myelinated and unmyelinated, vertebrate and invertebrate, motor and 
sensory nerves, adrenergic as well as cholinergic nerves (8). Finally, 
it was also shown for striated muscle (35). As mentioned above, 
cholinesterase is present in all conductive tissue (nerve and muscle) 
throughout the whole animal kingdom. Since in all types ofnerves 
and muscle inactivation of cholinesterase leads to abolition of con- 
duction, the observations support the generality of the role of cholin- 
esterase in all conductive mechanisms. 

C. Impossibility of dissociating cholinesterase activity and conduction. 
It is impossible under any conditions to dissociate conduction and 
cholinesterase activity. It is true that it is sometimes difficult to 
demonstrate cholinesterase activity in nerves which were exposed to 
DFP. This difficulty, however, is due to the fact that normally the 
enzyme is present in excess, which amounts in some nerves to about 
10 to 12 times the concentration necessary for normal function. In 
other words, 90 to 92 percent of the cholinesterase present in a nerve 
may be inactivated without impairing conduction, but the remaining 
8 to 10 percent is essential. An excess of 10 times is not unusual on 
the basis of our experience with other enzyme systems. An excess of 
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Fic. 3. A. Reversible effect on the superior cervical sympathetic nerve of the 
cat exposed to DFP for 2 min. Records from top to bottom: normal, after 2 min. 
exposure, recovery. 8B. Irreversible effect on the superior cervical sympathetic 
exposed to DFP for additional 20 min. after abolition of the action potential. 
Records from top to bottom: normal, 3 min. exposure, after 120 min. in Ringer’s 
solution. 1000 c.p.s. 


50 or 100 times may be found. But whereas the normal cholinesterase 
activity in most nerves is easily determinable, the remaining activity 
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after inactivation of the excess is sometimes small in absolute figures 
and its determination requires therefore special precaution. In the 
experiments of Gilman and his associates (36), on the bullfrog sciatic 
nerve, the manometric technique used was inadequate for detecting 
the remaining cholinesterase activity due to several adverse factors 
(33). An activity equivalent to 7 to 10 percent of the initial activity 
can, however, be demonstrated in the following way: the homogenized 
nerves are added to a solution of acetylcholine; the disappearance of 
the ester is measured by the determination with the frog’s rectus 
method. 

Boyarski, Tobias, and Gerard (37) exposed the frog sciatic nerve for 
several hours to a concentration of DFP just below that which affects 
the action potential. Under these conditions, they were unable to 
detect cholinesterase although they used for the determination of 
cholinesterase activity the method just described. Unfortunately, 
in their determinations, the ratio of enzyme to substrate was inade- 
quate. Under exactly the same experimental conditions, but taking 
for the determinations more nerve and less substrate, it has been 
shown that the nerve contains a cholinesterase concentration capable 
of splitting 400 to 500 yg. of acetylcholine per gram per hour (38). 
For the evaluation of this activity, it may be useful to recall the small 
initial heat in these nerves. At 23°C at a rate of 300 to 400 impulses 
per second, the initial heat per gram per impulse is about 2-3 x 10-* 
geal. If acetylcholine acts as a trigger in the chain of reactions as- 
sociated with the flow of current, the hydrolysis of the ester will ac- 
count for only a fraction of the initial heat. Let us assume, for in- 
stance, for 20 percent. This would be equivalent to 4-6 x 10-* 
geal. On the basis of 2,000 gcal. released per mole of acetylcholine 
hydrolyzed, this would amount to 0.0003 to 0.0004 ug. of acetylcholine 
split per gram per impulse. The ability to split 400-500 yg. of acetyl- 
choline per gram per hour would then account for one to two million 
impulses during this period (39). 

D. Coincidence of cholinesterase inactivation with death. If cholin- 
esterase activity is essential for conduction, survival of an animal 
should be impossible in the absence of cholinesterase. However, 
observations were reported that animals may survive in complete 
absence of the enzyme in the brain (40). The question has been re- 
examined. It was found that absence of cholinesterase in the brain 
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always coincides with death (39). If a threshold dose is injected in 
which some animals survive, others die, in the surviving animals 
cholinesterase was always present without a single exception, whereas 
in the others the enzyme had disappeared. The average concentra- 
tion found in the surviving animals was about 25 percent of the initial 
value, varying between 10 and 50 percent. Other enzymes were not 
affected. 

In this connection the recent observations of Freedman and Him- 
wich (41) are important. These investigators found that during re- 
covery from DFP poisoning the signs of toxicity diminish as the brain 
cholinesterase rises. Another significant finding in this connection is 
that of Jones, Meyer and Karel (42). The acute toxicity of a great 
number of organic phosphorus compounds tested was found to be a 
function of their potency as cholinesterase inhibitors. 

E. The concentration of DFP required for abolition of conduction. 
One of the main objections to the assumption that DFP abolishes 
conduction by inactivation of cholinesterase is the concentration used. 
DFP inactivates cholinesterase in vitro in a concentration of a few 
ug. per cc., whereas the concentrations used to abolish conduction are 
1 to 2mg.of DFP percc. This difference was considered by Feldberg 
and Mendel as evidence that the abolition of conduction by DFP is 
due to a general toxic effect, rather than to the inactivation of cholines- 
terase. (Discussion at the International Congress of Physiology at 
Oxford in 1947.) The objection does not take into account one of the 
most fundamental factors on which the action of a compound applied 
to a living cell depends, namely, the structure. The concentration 
outside the cell is irrelevant. The decisive factor is the concentration 
at the site of action. Nerve fibers are surrounded by a myelin sheath 
and other membranes, which may form either a complete barrier for the 
penetration of some compounds into the interior or slow down the rate 
of penetration. Using the giant axon of Squid, we have tested the 
concentration of DFP in the interior of the cell at the time when the 
action potential disappears (38). This concentration was found to be 
of the order of magnitude of 1 yg. per cc., or one per mill of the outside 
concentration. Sometimes it was lower, and in one case it was about 
5 per mill. The inside concentration at the time when conduction dis- 
appears was about the same, whether 400 ug. of DFP per cc. or 1 mg. 
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per cc. were used outside. These observations show that the concen- 
tration inside the cell may be only about one-thousandth of the out- 
side concentration at the critical moment. They answer satisfactorily 
the question why the outside concentration has to be so much higher 
than that used to abolish cholinesterase activity if the enzyme is in 
solution. 

F. Kinetic aspects of cholinesterase inhibition by DFP. Even in 
vitro, the effectiveness of DFP depends on a great number of factors. 
The importance of temperature and concentration of inhibitor for 
determining the rate of the irreversible inactivation of the enzyme by 
DFP were previously mentioned. There are, however, other factors. 

The inhibition of cholinesterase by DFP occurs on a mole-to-mole 
basis (43). This could be demonstrated in experiments on virtually 
pure cholinesterase prepared from electric tissue in which 1 mg. of 
protein splits 60 gm. of acetylcholine per hour. The enzyme was in- 
cubated with varying concentrations of DFP for 150 min. at 10°C. 
The solution was then diluted several thousand times, whereby the 
action of DFP was interrupted instantaneously and the remaining ac- 
tivity was tested. The amount of enzyme inactivated changes 
directly proportionally with the concentration. The inhibitory effect 
depends, however, not only upon the concentration of the inhibitor 
but also upon that of the enzyme. If pE, the negative log of the molar 
concentration of the enzyme is plotted against the log of the ratio of 
inhibitor concentration to enzyme concentration, a straight line is 
obtained (Fig. 4). The excess of inhibitor required to produce 50 
percent inhibition in a given time increases rapidly with dilution. In 
a solution of which 1 cc. splits 12 gm. of acetylcholine per hour, the 
excess of molecules of inhibitor over molecules of enzyme is 25. Ina 
solution in which 1 cc. splits 1 mg. of acetylcholine per hour, which is a 
concentration of the order of magnitude used generally with the War- 
burg manometric method, more than 100,000 molecules of inhibitor 
are necessary for each molecule of enzyme in order to obtain the 50 
percent inactivation. 

The most important difference between the inhibition of cholinester- 
ase by DFP and that by the alkaloids, eserine and prostigmine, is the 
easily reversible nature of the reaction with the alkaloids in contrast 
to the progressive irreversible effect of DFP. But here again, even 
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in vitro, many other differences may be demonstrated which affect the 
course of the action. Whereas, e.g., the alkaloids act immediately and 
the percentage inhibition remains unchanged for a considerable period 
of time, the inhibitory effect of DFP increases constantly. Hereby 


11.0 


100. 


20). 


80. 


7.0L 





! J " J! J 
1.0 20 3.0 40 50 


tog Wye) 


Fic. 4. Excess oF DFP REQurIRED FoR VARYING ENZYME CONCENTRATIONS 





pE, the negative log of the molar concentration of the enzyme is plotted against 
the log of the ratio of inhibitor concentration [I] to the enzyme concentration [E]. 





the relationship between the inhibitory effects of the alkaloids, com- 
pared to that of DFP, becomes rather complex. But, even if we 
compare the two inhibitory effects for a given time of incubation, and 
compare percentage inhibition produced by the two types of inhibitor, 
we find that in low concentrations the alkaloids have a stronger effect. 











ROLE OF ACETYLCHOLINE IN CONDUCTION 479 


















With increasing concentrations, the effect of DFP becomes stronger and 
rapidly reaches completion, whereas the inhibition by the alkaloids 
shows a more asymptotic type of line (Fig. 5). 
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: Fic. 5. EFFECTIVENESS OF THE INHIBITION OF CHOLINESTERASE BY DFP 
; AND THE ALKALOIDS PROSTIGMINE AND ESERINE AT VARYING 
; INHIBITORY CONCENTRATIONS 

Inhibition in per cent plotted against pI, the negative log and the molar con- 
centration of the inhibitors. In the experiments with DFP, the enzyme was incu- 
bated for 150 min., with the inhibitor before the determination. No incubation 
time was used in the experiments with the alkaloids. 










The observations described may suffice to demonstrate upon how 
many factors the effectiveness of the enzyme inhibition in viiro de- 
pends. Even more factors have an essential réle in determining the 
effects on cells and organs in vivo, such as circulation, permeability of 
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different membranes, rate of penetration, etc. Consequently, it is not 
surprising that the toxic signs due to DFP are variable but this variety 
of effects must be attributed not to a multitude of chemical reactions 
but to the many factors which have been demonstrated to influence the 
course of this single reaction. 

G. Protection by alkaloids against DF P action. The finding that DFP 
acts on cholinesterase on a mole-to-mole basis is of importance in 
another respect. On the basis of the sedimentation rate in the ultra- 
centrifuge with the preparation which has only one protein component, 
it was calculated that the molecular weight of cholinesterase is about 
three million. The molecular weight of DFP is only 180. The 
stoichiometric relation suggests that the DFP may act on the active 
group which determines the activity of the enzyme. Goldstein (44) 
has offered evidence that eserine may act on serum esterase on a mole- 
to-mole basis. Prostigmine and eserine, of a molecular weight of 
about 300, act on cholinesterase in concentrations similar to those of 
DFP. It appeared possible that they act on the same active group. 
If so, when the enzyme is incubated with prostigmine prior to the incu- 
bation with DFP, the active group should be bound by the prostigmine 
and become inaccessible to the DFP. This assumption was confirmed 
by the following experiment. Cholinesterase was incubated for 20 
min. with prostigmine. DFP was then added in exactly the same 
molar concentration which, without prior incubation with prostig- 
mine, produces about 50 percent irreversible inactivation within 150 
min. But with prostigmine added prior to DFP, at the end of the 
experiment, when the preparation was diluted several thousand times, 
the total cholinesterase activity was still present. The prostigmine 
on a mole-to-mole basis had protected the enzyme against the action of 
DFP. If the molarity of prostigmine used was only one-half of that 
of DFP, the protecting effect was only about 50 percent. Koelle (45) 
had already described the protecting effect of eserine against the action 
of DFP in brain homogenates. The present observations confirm his 
finding and show in addition the quantitative relationship. 

The observation has been used to demonstrate in a new way that 
the action of DFP on conduction is due primarily to the inactivation 
of cholinesterase. The experiments were carried out in the following 
way. The superior cervical sympathetic of the cat was first exposed 
to eserine in 0.02M concentration until conduction was abolished. 
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This occurs usually within 10 to 20 min. At this moment it had to be 
assumed that the active group of cholinesterase was associated with 
eserine and therefore protected against the effect of DFP. DFP was 
now added to the solution in the same high concentration, 0.02M for 
about 20-30 min. This time of exposure to the concentration of DFP 
used is usually sufficient to kill the nerve, i.e., to abolish irreversibly 
conduction and to inactivate irreversibly all cholinesterase activity. 
After 20 min. the nerve was put back into eserine to permit the DFP 
to diffuse out of the nerve into the bathing fluid, and after 40 min. 
the nerve was put back into Ringer’s solution and washed for 3 hours. 
Whereas, in the control nerve treated only with DFP for the same time 
and at the same concentration, conduction was completely abolished 
and cholinesterase absent, in the eserine treated nerve both conduction 
and cholinesterase came back (unpublished data). The observations 
add new support to the assumption that DFP acts exclusively by its 
reaction on cholinesterase and illustrate how the electrical manifesta- 
tions may be predicted and controlled on the basis of the chemical re- 
actions observed im vitro. 

The challenge to the assumption that acetylcholine plays an essential 
role in conduction has thus been met successfully. Having passed this 
test, the idea emerged stronger than before. The investigations on 
the mechanism of DFP have not only given us valuable information 
in the field of general toxicology, but, in addition, have shown that this 
compound is an extremely valuable tool for the study of some funda- 
mental aspects of nerve activity. 

Although the necessity of acetylcholine for conduction has now been 
conclusively established, the precise function of the ester remains open 
to discussion. According to the widely accepted membrane theory, 
proposed early in this century by Bernstein, the nerve is surrounded 
by a polarized membrane, the positive charge being on the outside 
and the negative on the inside. During the passage of the impulse, 
the polarization breaks down and the charge is even reversed, as has 
been shown by Hodgkin and Huxley (46, 47), and Curtis and Cole 
(48). The electromotive force between the inside and the outside has 
most likely to be attributed to the difference of the ion concentrations. 
Recent observations of Hodgkin and Huxley indicate indeed that, 
during activity, potassium ions leak out and sodium ions move in. 
Such ion movement occurs in resting condition, as has been shown by 








482 DAVID NACHMANSOHN 


Rothenberg (49, 50) on the giant axon of Squid with the aid of radio- 
active isotopes. However, an exchange at a much higher rate will 
take place during activity. It is known that the resistance falls during 
the passage of the impulse from 1,000 to 40 ohms per square mm. (51). 
It is a possibility that this change in resistance, i.e., the increased 
permeability for ions during conduction, is due to the release of acet- 
ylcholine and its effect on the proteins or lipoproteins of the active 
membrane. A compound which may be metabolized in a few micro- 
seconds may well account for such achange. Moreover, the observa- 
tions of Fessard on the electric tissue of Torpedo Marmorata have shown 
the ability of the ester to change the membrane resistance and to 
generate an action potential (52, 53). The high potency of the ester, 
indicated by the small amounts which produced the electrogenetic 
effect, becomes a pertinent feature in connection with the high rate of 
its metabolism. 


Ill. AXON AND SYNAPSE 


In contrast to the anticholinesterases discussed so far, prostigmine 
has no effect on conduction in nerve or muscle. Prostigmine is in viiro 
a very strong anticholinesterase. The inhibitory effect on a molar 
basis is equal to that of eserine, and the kinetics of this inhibition, as 
mentioned above, are, in all respects tested, identical. Why do we 
find then, a difference between the two compounds if applied to the 
living cell? Here again we encounter the fundamental importance of 
structure as mentioned above. Eserine is a tertiary amine and is, as a 
free base, lipid soluble. Prostigmine is a methylated quaternary am- 
monium salt and lipid insoluble. It appeared possible to assume that 
the inability of prostigmine to affect conduction in either nerve or 
muscle fiber, in contrast to eserine, may be due to the fact that the 
membranes surrounding the fibers are impervious to prostigmine. 
This assumption has been tested in the following way. Giant axons 
of Squid were exposed to high concentrations of prostigmine (10-* M) 
for a certain period of time. After the exposure, the axoplasm was 
extruded and the presence of prostigmine was tested by adding the 
extruded axoplasm to cholinesterase. Whereas those anticholinester- 
ases which affect the action potential are found in the axoplasm, 
prostigmine, in striking contrast, was completely absent (28). 
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This observation has obviously considerable significance. Acetyl- 
choline and curare are, like prostigmine, methylated quaternary am- 
monium salts. The observation of Claude Bernard that curare acts 
exclusively on the nerve ending was for a century considered by many 
physiologists as evidence for a peculiar property of the nerve ending, 
suggesting that the mechanism of propagation of the nerve impulse 
differs fundamentally from that along nerve fibers. The hypothesis 
of neurohumoral or chemical transmission was based essentially on 
two facts. First, the excitability of synaptic junctions under certain 
conditions by acetylcholine; and, second, the appearance of acetyl- 
choline in the perfusion fluid of these junctions under certain conditions, 
following nerve stimulation. The failure to affect conduction by 
acetylcholine, even in extremely high concentrations (20 gm. per liter), 
was considered as evidence that the physiological function of acetyl- 
choline, whatever it may be, is limited to the synaptic junctions (54). 
The failure of prostigmine, in contrast to all the other anticholinesterases 
to affect conduction and the limitation of its effect to the synaptic 
region, did obviously indicate that methylated quaternary ammonium 
salts can reach the active surface only at the synaptic region, especially 
the post-synaptic membrane. There the active membrane appears 
to be either less well or not at all protected by lipid. The limitation 
of the effect of acetylcholine applied externally to the synapse was 
therefore attributed to the difference in structure rather than to the 
underlying fundamental physico-chemical mechanism of propagation. 

However, the massive doses of acetylcholine, applied without any 
effect, appeared so impressive that some doubts continued to persist 
whether the evidence based on the observation with prostigmine was 
sufficient. Our knowledge of the permeability of cell membranes is 
indeed limited. In view of the importance of this question, it ap- 
peared, therefore, desirable to offer direct evidence that the neuronal 
surface membranes are impervious to acetylcholine. The question 
has been tested in the following way: after exposure of nerves to acetyl- 
choline labelled with N"*, the amount of N™ in the extruded axoplasm 
has been determined by means of a mass spectrometer and compared 
with the results obtained from a similar exposure to a tertiary amine 
labelled in the same way (55). The results are shown in Table I. 

The tertiary amine penetrated easily and is nearly in equilibrium 
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after 60 min. The amount found inside after 25 min. exposure to 
acetylcholine in high concentration (20 gm. per liter) is negligible. 
0.6 micromoles N (8.6 wg.) per gram axoplasm were found, which 
amounts to 0.67 per cent of the N outside. Even assuming that this 
would be the N of the choline, no physiological effect can possibly be 
expected if the’ penetration proceeds at such a low rate. One gram of 
these nerves can hydrolyze 2-4 mg. of acetylcholine per hour, and there- 
fore the infinitely small traces penetrating at any given moment would 


TABLE I 
Permeability of the membranes surrounding the stellar nerve of Squid to trimethylamine 
(TMA) and to acetylcholine (ACh) labelled with N“ 
The compounds contained 31 atom percent excess N%. After the exposure of the 
nerves to the compounds, the axoplasm was extruded and the N® concentration deter- 
mined. 
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min. p moles/cc. mg. p moles | p moles percent 

TMA 1s | 20 | 134.3 | 69.2 | 0.333 | 5.5 | 30.5 

| 

2 | 2 | 78.8 | 40.5 | 0.425 | 7.1 | 39.5 

o |; 2 149.4 | 77.1 | 0.916 | 15.3 | 84.5 

ACh 25 | 100 | 137.0 | 70.7 | 0.0388 | 0.6 | 0.67* 


{ 





* Even this negligible amount of N found inside must be attributed to impurities 
present in the acetylcholine used. The 1430 yg. N per cc. contained 55 ug. non-quater- 
nary N. The N which penetrated (8.6 ug. per gram or 0.6 micromoles) is therefore 
equivalent to 18 per cent of the non-quaternary N outside. This is in the range to be 


expected. 


be hydrolyzed before they could accumulate to a possibly effective 
concentration. Adding eserine would not change the situation be- 
cause, in concentrations at which the cholinesterase would be inhibited 
to less than 80 per cent, the rate of hydrolysis would be still much too 
high compared with the rate of penetration. Still higher concentra- 
tions of eserine would abolish conduction even without additional 
acetylcholine being present. 

However, even the negligible amounts found inside should not be 
considered as being quaternary ammonium salt. They must be at- 
tributed to the impurities of non-quarternary N present in the acetyl- 
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choline. It was found that the alkali-distillable nitrogen in the acetyl- 
choline bromide amounted to 0.6 per cent by weight (3.8 per cent of 
the total N). This is equivalent to 55 yg. non-quaternary N in the 
1430 ug. N per cc. of the solution used. The 8.6 wg. N. per gram of 











Min. of Exposure 
Fic. 6. RATE OF PENETRATION OF TRIMETHYLAMINE AND ACETYLCHOLINE 
LABELLED WITH N} INTO THE INTERIOR OF THE GIANT AXON OF SQUID 


The ratio of the concentration of the N of these compounds inside (Ci) to that 
outside (Co) is plotted against the time of exposure in minutes. The dotted line 
indicates the rate of penetration of N (X) on exposure to trimethylamine (286 uG. 
N per cc.), the straight line, that of the N (.) found on exposure to acetylcholine 
(1430) ug. N per cc. of which 55 wg. were non-quaternary N). 


axoplasm (or 0.67 per cent of the outside concentration) must therefore 
be attributed to the non-quaternary impurities present in the acetyl- 
choline used. The 8.6 ug. N are equivalent to 18.0 per cent of the 
non-quaternary N outside. The rate of penetration of trimethylamine 
was, for the same length of exposure, 39.5 percent. In view of the 
smaller gradient, the rate of penetration may have been actually 
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smaller. The agreement between the amount found, and that to be 
expected on the basis of the impurities present, is therefore entirely 
satisfactory. Fig. 6 shows the difference of the rate of penetration of 
the 2 compounds. 

The experiments show conclusively that the axonal surface mem- 
branes are impervious to acetylcholine, as was already suggested by 
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Fic. 7. SCHEME OF THE NEUROMUSCULAR JUNCTION 


A structural barrier protects nerve and muscle fiber against the action of methyl- 
ated quaternary ammonium salts. These compounds act only on the post- 
synaptic membrane, which apparently is either less or not at all protected. Other 
compounds like eserine, DFP, strychnine, and procaine, being able to penetrate 
the structural barrier, act upon the active membrane of the nerve and muscle 
fiber, as well as upon synapse. 


previous observations with prostigmine. They confirm the explana- 
tion given for the localized action of acetylcholine when applied ex- 
ternally to synaptic regions in contrast to its physiological réle in 
conduction. More generally, the peculiar ability of the synapse to 
react to compounds which do not affect conduction is thus explained 
in terms of structure as illustrated in the scheme of Fig. 7. It is the 
absence of the structural barrier at the post-synaptic membrane which 
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makes it possible to demonstrate the electrogenetic effect of acetyl- 
choline in the electric organ. 

In view of these observations, the second fact on which the hypoth- 
esis of neurohumoral transmission was based, viz., the appearance 
of acetylcholine in the perfusion fluid of the synapse has also to be 
reconsidered. This appearance is obviously possible only there be- 
cause of the absence of an insulating structural barrier, whereas the 
compound cannot leak out of stimulated nerve and muscle fibers. 
But even at the synaptic junctions, the ester does not appear under 
physiological conditions. It is an important fact that the ester appears 
only if the normal mechanism responsible for the rapid removal of the 
ester, viz., cholinesterase, is to a large degree inactivated by the pres- 
ence of eserine. No trace of acetylcholine appears in absence of 
eserine. Even in presence of the drug, the amounts leaking out are 
infinitely small, one hundred-thousandth to one-millionth of that re- 
quired to set up a stimulus, a discrepancy not easily explained in terms 
of chemical mediation. 

The variations of structure may largely account for the great diffi- 
culties encountered and the many contradictions reported in applying 
the two criteria of chemical mediation to different types of synapses. 
The effects of compounds applied externally will vary in different 
types of tissue dependent upon the anatomical structure, the bio- 
chemical composition of the surrounding membranes and probably 
quite a few other accessory conditions. In view of the physicochemical 
properties of acetylcholine and similar methylated N-compounds, the 
difficulties will become nearly insurmountable in the study of brain and 
spinal cord which contain such large amounts of lipid and myelin. 
The painstaking efforts to demonstrate or to disprove the “cholinergic” 
nature of synapses in brain and spinal cord have led to a most unsatis- 
factory and confusing picture. 

As pointed out so emphatically by von Muralt (56) in his book, the 
analysis of a cellular function, like the propagation of the nervous 
impulse, requires knowledge of structure, biochemistry, and bio- 
physics. Each of these factors is of equal importance. Since the 
original approach to the elucidation of the réle of acetylcholine in 
nerve activity has led to such an impasse, it should be expected that 
at least opponents of the idea of chemical mediation would try to 
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substitute these methods which proved to be inadequate. It is there- 
fore surprising that Eccles, although accepting the necessity of a new 
approach, tries to disprove the réle of acetylcholine in synaptic trans- 
mission by applying exactly the same type of methods that has been 
used for the support of the mediator theory. He exposed the frog’s 
spinal cord to eserine in 10~* M concentration and to prostigmine in 
3-6 X 10-*°M concentration. No effect on synaptic transmission was 
obtained (57, 58). Eccles assumes that the cholinesterase in the 
spinal cord under his experimental conditions, was completely inacti- 
vated by the eserine and excludes, therefore, any réle of acetylcholine 
in the synapses of the spinal cord. The assumption that cholinesterase 
activity was completely abolished was not tested experimentally but 
was based on the figure reported in the literature to be necessary for 
inhibiting cholinesterase in solution or suspension. But in Eccles’ 
type of experiments, it is necessary to take into account structural 
barriers, penetration rates, the kinetics of the enzyme inhibition, the 
excess of the enzyme, and a number of other factors upon which the 
effect of drugs applied to cells and organs may depend. In order to 
inactivate cholinesterase to a sufficiently high degree for obtaining 
interference with conduction in a single fiber preparation, the giant 
axon of Squid, a concentration of 10-* M eserine, must be used. This 
preparation has a lipid layer only a few micra thick. The eserine is 
applied at a pH of 8.2 to 8.4, the pH of sea water. At this pH, a 
greater fraction of eserine is undissociated and therefore penetrates 
more readily as free base than at a pH of 7.2 used in Eccles experi- 
ments at which the compound is nearly completely dissociated. The 
reason for the failure to obtain an effect in the spinal cord, especially 
with the low concentrations used, is then obvious. 

In contrast to the conflicting results obtained when the “cholinergic” 
nature of nerves is tested by the criteria mentioned, the approach by 
the study of the enzymes connected with acetylcholine metabolism 
and their correlation with function did not encounter comparable 
difficulties. All facts support the assumption of the generality of the 
role of acetylcholine in all nerve tissue, including that of brain and 
spinal cord. The presence of large amounts of cholinesterase in brain 
and spinal cord studied extensively during the years 1937 to 1939 
(59-62) suggested that the ester may have the same réle there as in 
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the periphery. The time when the high concentration of the enzyme 
appears in the brain during embryonic development coincides with the 
beginning of function (61, 62). The most striking evidence for this 
coincidence was obtained in studies on brain and spinal cord of sheep 
embryos suggested by Sir Joseph Barcroft (63). The discovery of 
choline acetylase made possible the demonstration of the high rate of 
acetylcholine formation in brain as well as in all other nerve tissues. 
Finally, the observations reported with DFP have shown that cholin- 
esterase activity in brain is indispensable for life. 

As pointed out before, the two fundamental facts on which the 
theory of neurohumoral transmission was based originally appear 
today in a new light. The ability of the synapse to react to acetyl- 
choline applied externally has been explained on the basis of structural 
difference between synapse and axon. No good evidence exists that 
the appearance of the ester in the perfusion fluid of synaptic region is a 
physiological event. Thus it appears imperative to reconsider the 
theory of neurohumoral transmission and to discuss whether or not 
the original interpretation of the observations of Loewi and Dale has 
to be changed. 

At the symposium on the synapse in 1939, Erlanger emphasized 
that many properties considered to be peculiar to the synapse can be 
obtained in the axon, like spatial summation, one-way transmission, 
latency, and transmission of the action potential across the non-con- 
ducting gap (3). It appears from these studies that the electrical 
signs of activity do not justify the assumption that the mechanism of 
transmission across synapses differs fundamentally from that along 
axons. During the last ten years, extensive investigations have been 
made on the electrical characteristics of transmission across artificial 
ephapses and natural synapses by a great number of investigators, 
like Arvanitaki, Bullock, Eccles, Granit and Skoglund, and many 
others. From the various investigations, considerable evidence has 
accumulated that the propagating agent across the synapse is the flow 
of current. According to Eccles (64), impulses in a pre-synaptic nerve 
fiber generate a current which gives a diphasic effect on the synaptic 
region of the post-synaptic cell. This current produces initially an 
anodal focus with cathodal surround, followed by a more intense 
cathodal focus with anodal surround. The cathodal focus sets up a 
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local response from which a catelectrotonus spreads over the post- 
synaptic cell membrane. This catelectrotonus, the end-plate po- 
tential, sets up a propagated impulse in the post-synaptic cell as soon 
as a certain threshold is reached. The sequence of events is similar 
to that observed on artificial synapses (ephapses) and on a single unit 
preparation of the synapse, the Squid stellate ganglion (Bullock (65)). 

In view of all this evidence accumulated, it appears more likely to 
assume that the réle of acetylcholine at the synapse is the same as in 
the axon. Release and removal of acetylcholine must be essential 
events in the changes of the presynaptic membrane during the flow of 
current across the synaptic region and in the post-synaptic membrane 
generating the end-plate potential. It would be difficult to picture 
these currents as being different in nature from those in the axon. 

There is experimental support for the assumption of a high rate of 
acetylcholine metabolism in the post-synaptic membrane. Observa- 
tions, on the cholinesterase concentration at the motor end-plate fol- 
lowing the section of the motor nerve, have revealed that the high con- 
centration at the motor end-plate decreases by less than a third within 
3 to 4 weeks (66-67). It then remains stable for many months. Most 
of the enzyme present in high concentration at the motor end-plate is 
apparently localized in the post-synaptic membrane, the site of the end- 
plate potential, an exclusively muscular element. Less than one-third 
may be localized in the pre-synaptic membrane. Another indication 
of the réle of acetylcholine in the end-plate potential is the direct 
proportionality between voltage and cholinesterase in the electric 
tissue, since the discharge there may be considered as homologous to the 
end-plate potential. 

In view of the high rate of metabolism in the post-synaptic mem- 
brane during the development of the end-plate potential, it may be 
expected that in presence of eserine not all the acetylcholine released is 
hydrolyzed with the usual speed. A fraction of the ester may there- 
fore leak and be found in the perfusion fluid. Much more convincing 
evidence than that available today would be necessary for the ac- 
ceptance of the idea that acetylcholine assumes at the synapse a func- 
tion entirely different from that in the axon, i.e., is released from the 
nerve ending, penetrates the neuroglia and acts on the post-synaptic 
membrane, thus substituting the flow of current as chemical mediator. 
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All indications favor the assumption that the mechanism of the trans- 
mission of the impulse across synapses is fundamentally identical with 
that along axons, the transmitting agent being the flow of current in 
both cases. This interpretation does not minimize the importance of 
the observations of Loewi and Dale, but harmonizes them with the 
progress of our knowledge concerning the structure, the biochemical 
data, and the electrical signs of nerve activity.' 
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1 After this lecture had been prepared, Eccles’ review appeared in the Ann. 
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were presented at the symposium in 1946. Since all these objections have been 
extensively discussed, no additional comment appears necessary. 
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DISCUSSION 


STEPHEN Krop 


(Pharmacology Section, Medical Division, Army Chemical Center, Maryland) 


Much study in recent years has fortified the so-called chemical theory 
of the activity of nerves. However, many facts must be harmonized 
with the view and many problems appear if the view is accepted. A 
few of the problems are indicated in the following discussion in the 
hope that apparently discordant facts may be integrated with the 
concept and that some lines of further inquiry may be indicated. 

The review just presented has highlighted the studies which support 
the hypothesis that acetylcholine (ACh) action is a primary event in 
impulse conduction in nerve. It has been claimed also that ACh plays 
a similar part in other excitable tissue, such as muscle, thus broadening 
the hypothesis to state that ACh is the universal exciting agent. The 
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wide distribution of a hydrolytic enzyme (or enzymes) of marked ac- 
tivity toward choline esters, the occurrence of ACh in tissues, and an 
enzyme for its synthesis lend support to the hypothesis. The concen- 
tration of the enzyme cholinesterase (ChE) in those portions of organs 
considered important for excitation further fortifies the hypothesis. 
At the outset, it may be useful to recall that throughout the review 
emphasis is placed upon the ChE mechanism and that reduction of 
this enzyme to a certain level of concentration brings about failure of 
conduction. It should be emphasized that thereby attention has been 
centered on the problem of removal of ACh after it has performed its 
function. Hence, it may be said that, strictly speaking, ChE is not 
essential for conduction but rather for repolarizing the nerve fiber 
following the action of free ACh, thus resetting the .“‘trigger” for the 
nextimpulse. This consideration follows if we are to explain the block- 
ing effect of anticholinesterase compounds by the accumulation of 
ACh; such an accumulation would allow passage of current leading to 
unrelieved depolarization of the membrane. In this connection, 
since ChE inhibitors such as di-isofluorophosphate (DFP) appear to 
combine with the chemical grouping in ChE responsible for splitting 
ACh, it is possible that the “receptor” on the effector is of like chemical 
configuration. Hence, the receptor might likewise react with DFP, 
though undoubtedly in a much lower order of reactivity; thus far, 
such a reaction has not been observed. The experiments of Toman do 
not support the supposition that anticholinesterase agents block con- 
duction by permitting ACh to accumulate to levels which result in 
sustained depolarization. This investigator found no correlation 
between changes in conduction and in the demarcation potential dur- 
ing the course of development of nerve block by DFP. It is important 
that Toman’s findings be confirmed and extended. Recently, utilizing 
an organ not requiring hydrolysis of ACh for sustained activity, the 
submaxillary gland of the cat, Riker (personal communication) has 
observed that spontaneous salivary activity appears when the ChE of 
the gland is reduced to 10% and that between this value and zero, the 
rate of salivary flow is proportional to the reduction in ChE. In 
frogs’ muscle we (1) have found that of certain compounds structurally 
related to DFP only those inactivating ChE rendered the muscle in- 
excitable. The correlations between nerve action potential and ChE 
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activity which have been reported are therefore valid only as reflections 
of the capacity of nerve to revert to polarization after activity. It is 
relevant to indicate here that such correlations are best studied in 
single fiber preparations in which all-or-none response to a stimulus 
is clearly seen. 

This leads us to inquire about the release of ACh, in an active form, 
from excitable tissue receiving a stimulus. Such “release”? must be 
an extraordinarily rapid process, probably much more so than the 
removal of ACh, in itself an event of great rapidity. If ACh is the 
agent responsible for the propagated disturbance, its “release” there- 
fore appears to be the essential event in excitation and in the propaga- 
tion of the impulse; ChE is in this light essential for restoration of the 
membrane in order that repeated and sustained activity of nerve be 
possible. 

Concerning the part which ACh may play in central synaptic trans- 
mission, we were unable to duplicate Bremer’s experiments in which 
small amounts of ACh by intracarotid injection produced increased 
cortical potentials. We have observed, however, that atropine pre- 
vents or annuls the convulsant effects of DFP as seen by means of 
potential patterns from the brain in experimental animals (2). This is 
accomplished with quantities of atropine having little effect upon 
normal potential patterns. The effect appears specific because even 
far larger quantities of atropine have no effect upon the potential 
patterns induced by such powerful CNS stimulants as pentamethylene 
tetrazol, commonly called metrazol. It follows that if ACh is the 
common denominator in axonal conduction and in certain portions of 
synaptic transmission, then atropine might be expected to prevent or 
interrupt with equal facility the perpetuation of the effects of metra- 
zol along a chain of neurones regardless of the manner in which met- 
razol initiates its effects. Further study is obviously in order here to 
harmonize the discrepancy. One might speculate that atropine pre- 
vents ACh action on an area on a postsynaptic neurone, such as on the 
muscle end-plate, which is normally excited by flow of current gener- 
ated at the presynaptic site by ACh. 

According to the ACh-ChE hypothesis, adenosine triphosphatase 
constitutes one of the links in the chain of the energy feeder system for 
maintaining a supply of ACh via choline acetylase. The large dif- 
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ference between the turnover members of ChE and adenosine tri- 
phosphatase is cited in support of the primacy of ACh over adenosine 
triphosphatase. It should be borne in mind that despite this dif- 
ference, adenosine triphosphatase activity must keep pace with release 
and hydrolysis of ACh during periods of sustained nerve activity. 

It is interesting to consider some fundamental properties of nerve 
as well as synapses in the light of the ACh mechanism. Latency may 
be considered the time necessary for release, among other events, of 
sufficient ACh for depolarization and setting up a propagated response. 
Incidentally, ACh release must take place prior to and possibly during 
the rise of the spike of the action potential, 0.1 to 0.3 millisecond in 
some cases, or even more quickly. Facilitation, temporal summation, 
and recruitment may be akin to the local changes prior to excitation as 
described by Bronk and co-workers; these changes may be regarded 
as the effects of sub-threshold concentrations of ACh, finally resulting 
in the initiation of propagated disturbances as the concentration of 
ACh rises. Adaptation presents a more difficult problem, for it is 
unknown how it is related to ChE content, ACh store, and ACh resti- 
tution from the hydrolysis products. 

It would be useful to obtain a formulation of the temporal and quan- 
titative relation of ACh release, removal, and restitution to the several 
phases of the nerve action potential as it may be visualized at present: 
latent period, spike potential, and threshold changes (supernormal 
period, refractory period). 
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Il. QUATERNARY AMMONIUM IONS AND SODIUM 
IONS IN NERVE PHYSIOLOGY’! 


R. LORENTE DE NO 
(The Laboratories of The Rockefeller Institute for Medical Research, New York) 


The research presented in this report was begun with the purpose 
of ascertaining why tetraethyl-ammonium can substitute for sodium 
in certain important aspects of nerve function while neither tetra- 
methyl-ammonium nor choline is able to substitute for sodium. 

As was originally demonstrated by Overton (’02), and was repeatedly 
confirmed by the present writer (Lorente de NO, ’44, ’47), sodium ions 
play an essential réle in nerve physiology. A frog nerve deprived of 
sodium, i.e., a frog nerve that is being kept in a sodium-free medium, 
ultimately becomes inexcitable. The inexcitability is reversible, 
since the nerve fibers rapidly regain the ability to conduct impulses 
after sodium ions are made available to them. 

Overton used sugar solutions as sodium-free media; for a number 
of reasons, however, it is more convenient to use solutions of certain 
quaternary ammonium ions. The chlorides of several quaternary 
ammonium ions can be used at the 0.11 M concentration to prepare 
sodium-free media that are “inert,” i.e., that do not cause a depolar- 
ization of the nerve fibers. In the research presented here use has 
been made of the chlorides of tetramethyl-ammonium (fig. 1, I), ethyl- 
trimethyl-ammonium (fig. 1, II), choline (fig. 1, VI) and in particular 
of diethanol-dimethyl-ammonium (fig. 1, X). 

In sugar solutions, or in solutions of the inert quaternary ammonium 
ions, the fibers of fast conduction begin to become inexcitable after 
8-10 hours, and usually after 14-16 hours the fibers of slow conduction 
also are unable to conduct impulses. Complete restoration by transfer 
of the nerve to Ringer’s solution can be obtained even after the nerve 
has been kept in a sodium-free solution of an inert quaternary ammo- 
nium ion for as long as 24-36 hours. 

‘This report is a summary of an extensive paper: “On the effect of certain 
quaternary ammonium ions upon frog nerve”’ that is in the course of publication in 
the Journal of Cellular and Comparative Physiology. The figures included in this 
report have been reproduced by permission of the editors of the Journal of Cellular 
and Comparative Physiology. 

497 























498 R. LORENTE DE NO 


To make sodium ions available to the nerve, either 0.11 M sodium 
chloride or Ringer’s solution can be used since potassium and calcium 
ions, neither at the concentrations at which they are present in Ringer’s 
solution nor at any other concentration, are able to substitute for so- 
dium. If the nerve has been kept in a sodium-free medium for a long 
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period of time, complete restoration by sodium is not obtained unless 
the concentration of sodium in the external medium of the nerve 
fibers is approximately 0.1 M. Thus, since the problem under investi- 
gation has been the ability of quaternary ammonium ions to substi- 
tute for sodium, the concentration of the solutions of “restoring” 
quaternary ammonium ions always has been 0.11 M. 
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In sharp contrast with the behavior of nerves kept in a 0.11 M 
solution of the chloride of one of the inert quaternary ammonium ions, 
nerves kept in a 0.11 M solution of tetraethyl-ammonium chloride 
become only partially inexcitable. The fibers of fast conduction (A 
fibers in Erlanger and Gasser’s classification) lose their ability to con- 
duct impulses approximately in the same manner as in other sodium- 
free media; the fibers of slow conduction, however, remain able to 
conduct impulses practically as long as they would in Ringer’s solution. 
It is convenient to call Et fibers those fibers which remain excitable in 
0.11 M tetraethyl-ammonium chloride. The Et class includes the 
majority, if not all the fibers of the B and C groups of Erlanger and 
Gasser’s classification. The Et class, therefore, includes both myeli- 
nated and unmyelinated fibers and is numerically the more important 
class of fibers. 

On the other hand, if after a nerve has become inexcitable in a 0.11 
M solution of one of the inert quaternary ammonium ions, or, more 
generally stated, in a sodium-free medium that does not cause a de- 
polarization of the nerve fibers, the nerve is transferred to a 0.11 M 
solution of tetraethyl-ammonium chloride the Et fibers regain their 
ability to conduct impulses practically as rapidly as they would in 0.11 
M sodium chloride. Tetraethyl-ammonium ions, therefore, are able to 
substitute for sodium in an important aspect of nerve function. 

In view of this situation, the first assumption that comes to one’s 
mind is that the ethyl group, when it is attached to tetracovalent nitro- 
gen, plays a specific réle in nerve physiology. The assumption has 
proven to be incorrect; nevertheless, it played the rile of a useful 
working hypothesis. 

In order to test the validity of the hypothesis, experiments were 
conducted with the use of the quaternary ammonium ions listed in 
figures 1 and 6. Let us consider first the ions listed in figure 1. As 
can readily be noted those 15 ions are the 15 possible combinations of 
methyl (—CH;), ethyl (—CH.—CH;) and ethanol (—CH,—CH-,OH) 
groups in quaternary ammonium ions. Three of the ions (I, V and 
VI) are commercially available (Eastman Chemicals), the other 12 
were synthetized in the laboratory by well-known methods. 

The description of the experiment illustrated by figure 2 will also 
serve to outline the technique used in the majority of the‘experiments 


to be mentioned in this report. The nerve was kept in a large volume 
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Fic. 2. RESTORATION OF THE EXCITABILITY OF NERVE FIBERS DEPRIVED 
oF Soprum IN A 0.11 M Sotution or TETRAMETHYL-AMMONIUM 
CHLORIDE (Fic. 1, I) 

The diagram at the bottom indicates the interelectrode distances used. The 
central segment (mp2) was treated with Ringer’s solution (R.); the peripheral 
segment (mr) with a 0.11 M solution of tetraethyl-ammonium chloride (V); no 
restoring solution was applied to the rjre segment. 

1 to 4, restoration of the central segment. / and 3 spikes of fibers of fast con- 
duction recorded at point m; 2 and 4 spikes of fibers of slow conduction recorded at 
point m. Record 3 was obtained at 5:26 p.m. The time lines 5 to 8 apply to the 
corresponding records. 

9 to 19, restoration of the peripheral segment. The lower time line in record 
20 applies to records 14 to 16 the upper line to the other records of the series 9 to 19. 
9, lack of conducted response before the application of the restoring solution. Note 
the upward drift of the base line; similar drifts appear in other records (13, 15, 16) 
as well as in records of other figures. The drifts were referable to slow variations in 
the potential of the recording, silver-silver chloride electrodes; for this reason they 
were greatest immediately after each change in the solution in contact with the 
nerve; even when they were great they did not interfere with the observation of 
conducted responses. 

In this and similar figures the composition of the solution in contact with the 
nerve is given on the upper left corner of the 1st record of each series (cf. records 
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of a sodium-free medium (0.11 M tetramethyl-ammonium chloride) for 
slightly over 29 hours; at the end of this time the nerve was mounted 
in a moist chamber resting upon the electrodes of the stimulating and 
recording circuits. The arrangement of the electrodes is indicated in 
the diagram in figure 2. The central segment of the nerve (fig. 2, 
below, mp2) was placed in contact with Ringer’s solution and the re- 
covery of this segment was followed by recording the action potential 
of impulses initiated at electrode p; with the oscillograph connected to 
electrodes m and rz. Rectangular pulses of current were used to initi- 
ate the impulses. Records / to 4 of figure 2 illustrate two stages of the 
recovery of the fibers of fast conduction (records / and 3) and of those 
of slow conduction (records 2 and 4). One hour was allowed for the 
recovery of the central segment. In experiments in which the nerves 
have been deprived of sodium for long periods of time the fibers of slow 
conduction begin to recover their excitability in the presence of sodium 
earlier than the fibers of fast conduction. As a rule, nerve fibers begin 
to be able to conduct impulses within 6-8 minutes and the recovery 
becomes practically complete in about 1 hour. 

Tests were then made, with the oscillograph connected to electrodes 
r,; and re, of the ability of the impulses initiated at electrode p; to 
propagate themselves into the peripheral segment. Record 9 (fig. 2) 
displays only the shock deflection, indicating that the segment of the 
nerve fibers that was still deprived of sodium was unable to conduct 
impulses. The peripheral segment of the nerve (fig. 2, below, mr2) was 





1, 9, 10); the Roman numerals identify the ions listed in figures 1 and 6; R. indi- 
cates Ringer’s solution. Usually, the interval of time elapsed since a new test 
solution was applied is also given; for example V, 11’ in record 10 indicates that the 
0.11 M solution of tetraethyl-ammonium chloride had been placed in contact with 
the nerve 11 minutes before record 1/0 was obtained. The time at which the records 
were obtained is given with the records; when no time is given the record was ob- 
tained shortly after the preceding one. When the interval of time elapsed be- 
tween successive records is significant it is given in seconds on the upper left corner 
; j of the records. For example, record 9 of figure 4 was obtained at 11:32 p.m. and 
t record /0, 10 seconds later. The amplification is given with the Ist record obtained 
at a new amplification, in mm deflection per mv. input. Thus, A 2.25 indicates 
; % that 1 mv corresponds to a deflection of 2.25 mm, when the records are reproduced 
so that the width of the records measures 32 mm. 
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then placed in contact with a sodium-free “restoring”’ solution, that, in 
the experiment which is now under consideration, was a 0.11 M solu- 
tion of tetraethyl-ammonium chloride. A few Et fibers became able to 
conduct impulses after the tetraethyl-ammonium ions had acted upon 
the nerve for 11 minutes (record /0), i.e., in approximately the same 
interval of time that would have been necessary for the recovery to 
begin in the presence of sodium. The number of responding fibers 
increased with advancing time (records //, 12, /3), and after one hour 
the recovery became practically complete (records /7, 18). 
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Fic. 3. Restoration of the ability to conduct impulses to fibers of class Et, 
rendered inexcitable in a solution of ethyl-trimethyl-ammonium ions (record /) by 
dimethyl-diethyl-ammonium ions (records 2 to 8) and by tetraethyl-ammonium 
ions (records 9 to 16). The conduction distance for records / to 15 was 33 mm, 
that for record 16,53 mm. The amplification was constant (A 50). 





The experiments of the series done with the use of the ions listed in 
figure 1 have shown (1) that those ions which have no ethyl group or 
only 1 ethyl group cannot substitute for sodium, while (2) those ions 
which have 2 or more ethyl groups substitute for sodium and restore 
the excitability of Et fibers. The ability to substitute for sodium in- 
creases with the number of ethyl groups attached to nitrogen. Figures 
3 to 5 place this important fact in evidence. 

In the experiment illustrated by figure 3 the nerve was rendered 
inexcitable in 0.11 M ethyl-trimethyl-ammonium chloride (fig. 1, II). 
Restoration was effected with a 0.11 M solution of dimethyl-diethy]- 
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ammonium chloride (fig. 1, III). The recovery began very promptly, 
since as is shown by record 2 a certain number of fibers became able to 
conduct impulses after the dimethyl-diethyl-ammonium ions had acted 


Fic. 4. RESTORATION OF THE EXCITABILITY OF A NERVE RENDERED 
INEXCITABLE IN 0.11 M Ernyt-TRIMETHYL-AMMONIUM CHLORIDE 

1 and 3, responses recorded at point m, 38 minutes after the central segment had 
been placed in contact with Ringer’s solution; time line 2 (1000 cy) applies to record 
1; time line 4 (60 + 5 cy) to record 3. 

5, absence of conducted response in the peripheral segment of the nerve; 6 to /4, 
restoration by diethanol-diethyl-ammonium; 1/5 to 27, enhancement of the restora- 
tion by ethanol-triethyl-ammonium. The amplification (A 50) and the sweep 
speed (record 28) were constant for records 5 to 27. 


upon the nerve for 6 minutes. The number of conducting fibers in- 
creased progressively with advancing time (records 3 to 6); neverthe- 
less, after the dimethyl-diethyl-ammonium ions had acted upon the 
nerve for 50 minutes, the response ceased to grow (records 7, 8), thus 
indicating that those ions were able to restore the excitability of only 
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a relatively small number of Et fibers. Tetraethyl-ammonium ions 
proved to be able rapidly to increase the number of conducting fibers 
(records 9 to /6). 

In the experiment illustrated by figure 4 the nerve was rendered 
inexcitable also in a 0.11 M solution of ethyl-trimethyl-ammonium 
ions. Records / and 3 present spikes recorded at point m (cf. fig. 2, 
below) during the restoration of the central segment by Ringer’s 
solution. Record 5 places the fact in evidence that no nerve impulse 
was able to propagate itself beyond point m into the peripheral seg- 
ment. The restoration of this segment was begun with 0.11 M di- 
ethanol-diethyl-ammonium chloride (fig. 1, XII). The diethanol-di- 
ethyl-ammonium ions were able to effect only a partial recovery, since 
only a discrete number of Et fibers became able to conduct impulses 
(records 6, 7, 8, 9, 11, 13); in addition, the records of the pairs 9, /0; 
11, 12 and 13, 14, that were obtained at 10-second intervals, show that 
the restored fibers were exceedingly susceptible to fatigue. A marked 
improvement of the recovery was effected by means of the ethyl homo- 
logue of choline. This ion (fig. 1, IX), that contains 3 ethyl groups, 
rapidly increased the number of conducting fibers; in addition, it en- 
abled the restored fibers to conduct impulses at 10-second intervals with 
but little fatigue (records /5 to 27). 

Figure 5 illustrates in a more direct manner the effect of replacing 
the methyl groups of choline by ethyl groups. The experiment was 
done with the 2 sciatic nerves of a bullfrog. The nerves were allowed 
to become inexcitable in a 0.11 M solution of choline chloride. Records 
1 to 15 and 25, 26 illustrate the final stages of the development of in- 
excitability. At the time when records / and 2 were obtained, nerve 
I had been in the choline chloride solution for approximately 14 hours. 
No fiber of fast conduction was able to conduct impulses, but a signifi- 
cant number of fibers of slow conduction still was excitable. Records 
3 to 15 show that the number of conducting fibers decreased with ad- 
vancing time, until at the time when records /3 to 15 were obtained 
only a few fibers were able to conduct impulses. The peripheral seg- 
ment of the nerve was then placed in contact with a 0.11 solution of 
ethanol-triethyl-ammonium ions (fig. 1, IX) with the result that the 
Et fibers rapidly regained their excitability (fig. 5, 1/3 to 24). In the 
case of nerve II the restoration (fig. 5, 27 to 36) was effected by means 
of n-propyl-triethyl-ammonium ions (fig. 6, X VIT) 
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Fic. 5. RESTORATION OF THE EXCITABILITY OF PAIRED NERVES RENDERED 
INEXCITABLE IN 0.11 M CHOLINE CHLORIDE 

The observations were begun after the central segments had performed com- 
plete recoveries in Ringer’s solution. 

1 to 15, terminal phases of the development of inexcitability of fibers of slow con- 
duction in nerve I (n. I), time lines 9 and // correspond to records /, 3, 5, 7, and 
13; times lines 10, 12 to records 2, 4, 6, 8 and 14; time line 16 to record 15. 17 to 
24, restoration of nerve I by ethanol-triethy-ammonium ions. Records /7 to 22 
were obtained with the sweep speed of record 16, and records 23, 24 with the speed 
of record 12. 

25, 26, terminal phases of the development of inexcitability of the fibers of slow 
conduction of nerve II (n. II); 27 to 36, restoration of nerve II by n-propyl-tri- 
ethyl-ammonium ions. Records 25 to 34 were obtained with the sweep speed of 
record 37; records 35, 36, with that of record 39. The conduction distance (33 
mm) and the amplification (A 50) were constant. 
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Additional information was obtained in experiments done with the 
use of the ions listed in figure 6. Four of those ions are commercially 
available (V, XXII and XXIII, Eastman Chemicals; XXV, Merck): 
the others were synthetized in the laboratory by well-known methods. 

It will be noted that all the ions listed in columns a, b and d of figure 
6 have 3 ethyl groups; all those ions are able to substitute for sodium, 
in so far as they restore the excitability of Et fibers that have become 
inexcitable in a sodium-free medium. In view of this fact it may be 
assumed, with some assurance, that in general quaternary ammonium 
ions having 3 ethyl groups will be able to substitute for sodium. The 
assumption, however, must be submitted to experimental test in each 
individual case, since the nature of the 4th group attached to nitrogen 
contributes to determining the properties of the ion; indeed, the 4th 
group may play a very important rdle. 

For instance, in the series of ions listed in column a of figure 6 im- 
portant changes in properties result from lengthening the carbon chain 
of the 4th group from 1 to 6 atoms. 

(a) The ability of ion V to restore the excitability of Et fibers de- 
prived of sodium is considerably greater than that of ion IV. The 
restoring abilities of ions V, XVI and XVII are approximately equal, 
and that of ion XVIII is only slightly weaker than that of ion V; but 
the properties of ion XIX are quite different from those of ion V. It 
is true that ion XIX is able to restore the excitability of a number of 
Et fibers, but if it is allowed to act upon the nerve for longer than 60- 
90 minutes the Et fibers again become inexcitable, with the noteworthy 
peculiarity that the change produced by ion XIX in the Et fibers is not 
reversible by sodium, even though sodium is able to restore the ex- 
citability of the fibers of fast conduction. 

(b) In a frog nerve kept in a 0.11 M solution of tetraethyl-am- 
monium chloride the A fibers maintain their membrane potential at the 
normal level, while nerves kept in 0.11 M solutions of the other ions 
listed in column a undergo a progressive depolarization. The depolar- 
izing action of ion XVI is weak, while that of ion IV is quite strong, 
and in the series of ions XVI to XIX the depolarizing action increases 
with increasing length of the carbon chain of the 4th group. 

In reference to ions XX and XX1 it will be sufficient to mention that 
ion XX is a very effective, restoring ion; but the restoring ability of 
ion XXI is quite limited. 
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A similar difference exists between the properties of ions IX, the 
ethyl homologue of choline and XXIV, the ethyl homologue of acetyl- 
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Fic. 6. QUATERNARY AMMONIUM IONS OF THE RESTORING TYPE 
The ions in columns a, b and d have 3 ethyl groups, those in column c have no 
ethyl groups. The formula of the acetylcholine ion (XXV) is included solely for 
the purpose of comparison, since acetylcholine belongs to the inert group. 


choline (XXV). Ion IX is a powerful restoring agent (fig. 5, 17 to 
24), but the restoring ability of ion XXIV is rather small. 

In the experiment illustrated by figure 7 the nerve was rendered in- 
excitable in a 0.11 M solution of diethanol-dimethyl-ammonium. 
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Records / and 3 present the action potentials recorded at point m 
(cf. fig. 2, below) after restoration of the central segment of the nerve 
by Ringer’s solution, and record 5 places the fact in evidence that no 





Fic. 7. RESTORATION OF THE EXCITABILITY OF A NERVE RENDERED 
INEXCITABLE IN 0.11 M DrerHANot-DIMETHYL-AMMONIUM CHLORIDE 


1 and 3, responses recorded at point m after restoration of the central segment by 
Ringer’s solution; time line 2 (1000 cy) applies to record /; time line 4 (60 + 5 cy) 
to record 3. 

5, absence of conducted response in the peripheral segment of the nerve; 6 to 
12, restoration by acetyl-oxyethyl-triethyl-ammonium ions (fig. 6, XXIV); /3 to 
27, enhancement of the restoration by phenyl-triethyl-ammonium ions. 


nerve impulse could propagate itself into the peripheral segment. 
Ion XXIV was able to perform a restoration of excitability of Et 
fibers (records 6 to 9), but the number of responding fibers still was 
quite small (records /0 to 1/2) one hour after the nerve had been in con- 
tact with the restoring solution. Records /0 to /2 give a measure of 
the degree of restoration that ion XXIV is able to perform. Ion XX 
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rapidly increased the number of responding fibers (records /3 to 16); 
later, the response decreased progressively; an effect that was refer- 
able to certain peculiarities of the action upon nerve of pheny]-triethyl- 
ammonium, which cannot be discussed in this brief report. 

An important fact is that restoration of excitability of Et fibers de- 
prived of sodium can be effected by means of ions XXII (tetrapropyl- 
ammonium) and XXIII (tetrabutyl-ammonium), i.e., by means of 
quaternary ammonium ions that do not contain ethyl groups. Also 
important is, probably, the fact that the restoring ability of ion XXIII 
is greater than that of ion XXII. 

The experiment illustrated by figure 8 was done with the 2 sciatic 
nerves of a bullfrog. The nerves were rendered inexcitable in 0.11 
M diethanol-dimethyl-ammonium chloride. The restoration by tetra- 
n-butyl-ammonium ions began approximately as fast as if tetraethy]- 
ammonium ions had been used. It is true that no nerve fiber had 
regained its ability to conduct after 7 minutes (record 3), but a signifi- 
cant number of fibers regained their ability to conduct in 14 minutes 
(record 4). The restored response rapidly increased in size to become 
maximal in 19 minutes (record 9). As is shown by records 5 to 8, 
the restored fibers were able to conduct impulses at 10-second inter- 
vals with but little fatigue. Soon thereafter, the restored response 
began to decrease (records 9 to 12; 13 to 15), and 55 minutes after the 
restoring solution had come in contact with the nerve the Et fibers 
were again inexcitable. The explanation of this fact is that ultimately 
tetra-n-butyl-ammonium ions cause a depolarization of the nerve 
fibers. 

The restoring action of tetra-n-propyl-ammonium ions began at a 
very low-rate (fig. 8, 1/9 to 24); after 1 hour the response still was quite 
small and the restored fibers were very susceptible to fatigue (records 
25 to 28). The nerve was then placed in contact with the 0.11 M 
solution of tetra-n-butyl-ammonium chloride, whereby a rapid en- 
hancement of the recovery was produced. In 7 minutes the tetra-n- 
butyl-ammonium ions were able to increase the number of conducting 
fibers (cf. records 25 and 29) and markedly to diminish their fatigabil- 
ity (records 29 to 32). The restored response still increased in size 
during the following 10 minutes (records 33 to 36); thereafter the re- 
sponse decreased (records 37 to 39) and soon all the nerve fibers proved 
to be inexcitable (record 40). 
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Since ions XXII and XXIII are able to restore the excitability of 
Et fibers ee of sodium, it is clear that the restoring ability of 
ions that contain 2 or more ethyl groups cannot be explained in terms 
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Fic. 8. RESTORATION OF THE EXCITABILITY OF THE PERIPHERAL SEGMENT 
oF NERVES RENDERED INEXCITABLE IN 0.11 M DIETHANOL-DIMETHYL- 
AMMONIUM CHLORIDE 

1, absence of conducted response in the peripheral segment; 3 to 16, restoration 
by tetra-n-butyl-ammonium ions. 

17, absence of conducted response in the peripheral segment; 22 to 28 restora- 
tion by tetra-n-propyl-ammonium ions; 29 to 40, effect of tetra-n-butyl-ammonium 
ions. 


of a specific property of the ethyl group. Thus, the initial working 
hypothesis had to be discarded and a new one had to be made in order 
to plan further experimental work. 
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Let us consider the experimental facts that served to build up a new 
hypothesis. In the first place, the fact is significant that the number 
of quaternary ammonium ions that can substitute for sodium is great; 
indeed, among the ions listed in figures 1 and 6 no less than 15 are able 
to restore the ability to conduct impulses to Et fibers deprived of so- 
dium. Since the nitrogen nucleus is the only thing that all those ions 
have in common, it must be concluded that the ability of a quaternary 
ammonium ion to substitute for sodium is not directly dependent upon 
a specific group being attached to nitrogen. The ability to substitute 
for sodium is a property that tetracovalent nitrogen has when one of a 
number of combinations of groups with 2 or more carbon atoms are 
attached to it. 

A further clue to the understanding of the problem is the fact that 
the restoring quaternary ammonium ions produce important changes 
in the properties of the nerve fibers. The experiment illustrated by 
figure 9 was designed with the purpose of demonstrating the fact in a 
clear manner. 

The nerve was rendered inexcitable in 0.11 M diethanol-dimethy]- 
ammonium chloride. The central segment (cf. fig. 2, below, mp2) was 
restored with Ringer’s solution. Records / to 8 present the action 
potentials of impulses initiated at point p; and recorded at point m 1 
hour after placing the central segment in contact with Ringer’s solu- 
tion. The spike in record / was produced by the fibers of the A group; 
the spikes in records 3 to 8 by fibers of slow conduction. The strength 
of the stimulus was increased progressively from record 2 to records 7 
and 8. Under the conditions of the experiment, fibers of the C group 
do not begin to respond until the stimulus reaches strength 4. It will 
be noted that record § was obtained at a smaller sweep speed than 
records 2 to 7. 

Records 13 to 23 present spikes recorded at point r; (cf. fig. 2, below) 
after restoration of the excitability of the peripheral segment by tetra- 
ethyl-ammonium ions. From the strength of the stimuli used for the 
individual records, it follows that the conducted responses in records 
13, 14, 18 and 19 included spikes of fibers of the B group only, while 
the responses in the other records also included spikes of fibers of the 
C group. Thus, in spite of the great difference in the speed of con- 
duction of B and C fibers in normal nerve, after restoration by tetra- 
ethyl-ammonium ions the B and the C fibers were conducting impulses 
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Fic. 9. RESTORATION OF THE EXCITABILITY OF A NERVE RENDERED INEXCITABLE 
IN 0.11 M DrieTHANoLt-DIMETHYL-AMMONIUM CHLORIDE 

1 to 8, conducted responses recorded at point m after restoration of the central 
segment by Ringer’s solution. Time line 9 applies to record 1; time line 1/2 to 
record § and time lines /0, //, to records 2 to 7. The strength of stimulation is 
indicated in arbitrary units in the upper left corner of the records. 

13 to 23, conducted responses in the peripheral segment at 2 stages of the restora- 
tion by tetraethyl-ammonium ions. Time line 24 applies to records 13 to 23. 
25 to 31 and 33 to 39, spikes of the fibers of slow conduction recorded again at 
point m after the action of tetraethyl-ammonium ions. Time line 32 applies to 
records 25 to 3/; time line 40, to records 33 to 39. 


Se 


a aA NE ne 








at 


an 


fil 




















QUATERNARY AMMONIUM IONS 513 


at speeds of the same order of magnitude. Furthermore, the speeds of 
conduction were exceedingly small, since in segment mr, the fastest 
among the restored fibers were conducting at the rate of about 30-35 
millimeters (sic) per second. In normal nerve the low threshold B 
fibers conduct at the rate of 3 m per second, and the low threshold C 
fibers at the rate of 0.8 m per second. Therefore, in nerve restored by 
tetraethyl-ammonium the speed of conduction is tremendously re- 
duced, more so in the case of the B than in that of the C fibers. 

Two other important changes in the properties of the nerve fibers 
are illustrated by records 25 to 39. These records present the spikes 
recorded at point m after the tetraethyl-ammonium ions had acted 
upon the mrz segment for 80 minutes. Since the segment p,m had 
been kept in contact with Ringer’s solution, the differences between 
records 2 to 8 and 25 to 39 may be regarded as a rather accurate 
measure of the changes in the properties of the nerve fibers that had 
been brought about by tetraethyl-ammonium ions. A comparison of, 
for example, records 8 and 39 readily shows that tetraethyl-ammonium 
ions had produced a tremendous lengthening of the duration of the 
spike of the action potential, as well as a marked increase in the height 
of the action potential. Therefore, no doubt can exist that the tetra- 
ethyl-ammonium ions had modified in an important manner those 
electrochemical reactions that underlie the production of the nerve 
impulse. In view of the experimental observations we may accept 
the proposition that ietraethyl-ammonium ions had been incorporated 
in the electrochemical mechanisms of the nerve fibers and had partici- 
pated in a changed physiology of the fibers. 

We may now build up a working hypothesis. Since the effect of re- 
storing quaternary ammonium ions upon nerve is different from that of 
sodium, it is clear that the restoring ions do not substitute directly for 
sodium. We must believe rather that the restoring ions substitute for 
chemical species that the metabolic mechanisms of the nerve fibers 
synthetize by means of chemical reactions in which sodium takes part. 
In the absence of sodium the existing stores of those substances are 
progressively exhausted with the result that the nerve fibers become 
inexcitable. The restoring quaternary ammonium ions can substitute 
for the missing chemical species because they have a similar chemical 
structure. 
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This working hypothesis is, indeed, far reaching. It postulates that 
tetracovalent (pentavalent) nitrogen plays an essential réle in nerve 
physiology. The hypothesis also is very attractive, for the reason that 
it suggests a possible mechanism for the establishment of electric double 
layers in the nerve membrane. 

Compounds containing trivalent nitrogen are weak bases, while the 
introduction of a 4th group, linked to nitrogen by covalency, results in 
an enormous increase in basicity and consequently in the appearance 
of electrovalent linkages. For this reason, a chemical reaction that 
results in the change of an amine into a quaternary ammonium base is 
a reaction that results in the creation of ions, i.e., in the appearance of 
charged particles of opposite signs, where previously electrically neutral 
compounds were present. Thus, we may assume that chemical re- 
actions that result in a change of tricovalent nitrogen into tetracovalent 
nitrogen participate in the establishment of electric double layers in the 
nerve membrane. 

Whether or not the new working hypothesis will withstand the im- 
pact of experimental tests is a question that only future research may 
answer; but, however the question may be answered, the working hy- 
pothesis has already played the useful réle of leading to profitable 
research along 2 different lines. 

Since none of the restoring ions listed in figures 1 and 6 is a naturally 
occurring substance, it is clear that the working hypothesis would not 
rest upon solid ground until proof had been obtained that quaternary 
ammonium ions of the restoring type can be prepared from substances 
known to exist in nervous tissue. For this reason experiments were 
conducted with the quaternary ammonium ions listed in figures 10 
and 11. One of the ions listed in figure 10, thiamine, is commercially 
available, the others were synthetized in the laboratory. 

Thiamine (fig. 10, XX VI) is not able to substitute for sodium. If 
a nerve that has become inexcitable in a sodium-free medium is placed 
in contact with 0.11 M thiamine chloride, no nerve fiber regains its 
excitability; but if thereafter the nerve is placed in contact with 0.11 
M tetraethyl-ammonium chloride the Et fibers rapidly become able to 
conduct impulses. Therefore, thiamine, if its action upon nerve is not 
prolonged beyond 1 hour, plays the réle of an inert ion; it maintains the 
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osmotic equilibrium of the nerve fibers, but it cannot restore the ex- 
citability of nerve fibers deprived of sodium. 

The quaternary ammonium ions derived from pyridine, niacinam- 
ide and coramine (fig. 10, XX VII to XXTIX) are inert ions; they do 
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| Fic. 10. QUATERNARY AMMONIUM Ions USED IN EXPERIMENTS DISCUSSED 
IN THE TEXT 


{ not restore the excitability of nerve fibers deprived of sodium, nor do 
they prevent later restoration by tetraethyl-ammonium. 

The quaternary ammonium ion derived from piperidine (fig. 10, 
XXX) is active, as should be expected from the fact that it contains 
2 ethyl groups. The ability of diethyl-piperidine to substitute for 
sodium is quite limited; as a matter of fact it is smaller than that of 
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dimethyl-diethylammonium (fig. 1, III). On the other hand, if di- 
ethyl-piperidine is allowed to act upon the nerve for longer than 1 hour 
it causes an irreversible change in the Et fibers, which is not produced 
by dimethyl-diethyl-ammonium. After diethyl-piperidine has acted 
upon the nerve longer than 1 hour the excitability of the Et fibers can- 
not be restored by tetraethyl-ammonium, and even sodium can effect 
only a slow recovery. 

For the purpose of comparison the formula of ion XVI (n-propyl- 
triethyl-ammonium) has been included in figure 10. The properties of 
n-propyl-triethyl-ammonium closely resemble those of tetraethyl- 
ammonium (cf. fig. 5, 25 to 36). One can think of ion XXX as having 
been derived from ion XVI by linking the n-propyl and 1 ethyl group 
to form a five-membered ring. The introduction of this link results in 
an essential change in the biological properties of ion XVI, which is a 
further example of the dependence of the properties of quaternary 
ammonium ions upon the nature of the groups attached to nitrogen. 

Quaternary ammonium ions of the restoring type have been pre- 
pared from | (+) lysine and from histamine by submitting these sub- 
stances to the action of boiling ethy] iodide in the presence of potassium 
hydroxide. The resulting quaternary ammonium bases were isolated 
as ferrocyanates (see later). 

In the case of lysine it is probable that 7 ethyl groups became at- 
tached to the molecule, 3 to each nitrogen and 1 to the carboxy] group, 
but since the resulting compound was treated with silver oxide to 
liberate the base and the base was then isolated as the ferrocyanate in 
the presence of 1.5 N sulphuric acid, it may be taken for granted that 
the ethyl ester was hydrolyzed and consequently the end of the lysine 
group acquired betaine structure. The validity of the formula given 
in figure 11, XX XI will have to be confirmed by chemical analysis of 
the base that was used for the experiment illustrated by figure 12; 
for the purpose of the present discussion, however, it is sufficient to 
know that lysine can be ethylated to become a strong base that is pre- 
cipitated from acid solution by potassium ferrocyanide and that is 
able to restore the excitability of Et fibers deprived of sodium. 

The base resulting from ethylation of histamine has not been ana- 
lyzed yet. It probably is one of the 2 bases listed in figure 11, XXXII, 
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? 
D that is precipitated from acid solution by potassium ferrocyanide and 
Z that is able to restore the excitability of nerve fibers deprived of sodium. 
s The effect of ethylated lysine upon frog nerve deprived of sodium is 


illustrated by figure 12. The nerve was allowed to become inexcitable 
in 0.11 M diethanol-dimethyl-ammonium chloride. The observations 
were begun after the central segment of the nerve had performed a 
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successful recovery in Ringer’s solution. Record / shows that no 
nerve fiber was able to conduct impulses into the peripheral segment. 
A 0.11 M solution of the chloride of ethylated lysine (titrated as the 
chloride of a monoacid base) was then applied to the peripheral seg- 
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Fic. 12. RESTORATION OF THE EXCITABILITY OF THE PERIPHERAL SEGMENT OF A 
NERVE, RENDERED INEXCITABLE IN 0.11 M DrerHANoL-DimETHYL-AMMONIUM 
CHLORIDE 

1, absence of conducted response in the peripheral segment; 3 to 28, restoration 
of the excitability of Et fibers by ethylated lysine (fig. 11, XXXI). 


ment of the nerve. No conducted response was observed 5 minutes 
later (record 3), but after 13 additional minutes a number of Et fibers 
proved to be able to conduct impulses (record 4). The number of re- 
sponding fibers increased with advancing time (records 5, 9, 13, 17, 21 
and 25), and the restored fibers were able to conduct impulses at 10- 


second intervals with but little fatigue. The height of the response in 
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recore 25 indicates that ethylated lysine had restored the excitability 
of at least the majority, and probably of the totality of Et fibers. 

For the purposes of comparison, the formula of ion XIX (n-hexyl- 
triethyl-ammonium) has been included in figure 11. As already men- 
tioned, the properties of ion XIX are quite different from those of 
tetraethyl-ammonium; therefore, the fact is worthy of emphasis that 
the properties of tetraethyl-ammonium are obtained again by replacing 
the 2 last carbons of the n-hexyl group by the betaine structure that 
appears in figure 12, XX XI. 

The effect of ethylated histamine upon frog nerve deprived of sodium 
is illustrated by figure 13. The nerve was allowed to become inexcit- 
able in 0.11 M diethanol-dimethyl-ammonium chloride. The restora- 
tion was effected with a 0.11 M solution of the chloride of ethylated 
histamine (titrated as the chloride of a monoacid base). No conducted 
response was observed 11 minutes after the solution had been placed in 
contact with the nerve (record 4), but 11 minutes later a large number 
of Et fibers were able to conduct impulses (records 5 to 8). The 
height of the conducted response increased progressively with ad- 
vancing time (records 9 to 24); in part the increase was referable to an 
increase in the number of responding fibers, but after the action of 
ethylated hitamine had lasted for an hour the further increase in the 
spike height undoubtedly was due to an increase in the height of the 
individual fiber spikes. In support of this conclusion there are 2 
facts: (1) the speed of conduction decreased progressively (cf. records 
5, 9, 13, 17, 21), and (2) the spike was followed by a very large negative 
after-potential (records 25 to 27). Also, the L fraction of the mem- 
brane potential of the A fibers underwent a great increase. Ethylated 
histamine, therefore, was producing those changes in the properties of 
the nerve fibers which are so characteristic of the action of tetraethyl- 
ammonium; the only difference was that the changes produced by 
ethylated histamine were even greater than those which are produced 
by tetraethyl-ammonium. 

The nerve was finally placed in contact with Ringer’s solution, and, 
as was expected, the speed of conduction underwent a marked in- 
crease (cf. records 29 to 31 with 21 to 24). The spike height also in- 
creased, which probably was referable to a diminution of the effect of 
temporal dispersion of the individual fiber spikes. With advancing 
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Fic. 13. RESTORATION OF THE EXCITABILITY OF THE PERIPHERAL SEGMENT OF A 
NERVE RENDERED INEXCITABLE IN 0.11 M DreTHANOL-DIMETHYL-AMMONIUM 
CHLORIDE 

1, absence of response in the peripheral segment of the nerve; 4 to 27 restoration 
of the excitability of Et fibers by ethylated histamine. The amplification was 
constant (A 50). Records / to 24 were obtained with the sweep speed of record 
2; records 25 to 27 with that of record 28. 29 to 36, restoration by Ringer’s solu- 
tion. Time line 32 applies to records 29 to 31, 34 and 36; the time line below 
record 33 to records 33 and 35. 
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time, the height of the Et spike decreased progressively, as is shown by 
records 34 and 36, tending to reach the height that it has in normal 
nerve. Obviously, the changes in the properties of the nerve fibers 
produced by ethylated histamine disappeared progressively in the 
presence of sodium. Records 33 and 35 illustrate 2 stages of the re- 
coveries of the fibers of fast conduction. 

Emphasis may be placed upon the similarity that exists between 
the effects upon nerve of ethylated histamine and of tetraethyl- 
ammonium. Also worthy of emphasis is the fact that beta-phenyl- 
ethyl-triethyl-ammonium (fig. 6, XXI) and ethylated histamine have 
different properties. The ability of beta-phenylethyl-triethyl-am- 
monium to restore Et fibers deprived of sodium is quite limited; fur- 
thermore, beta-phenylethyl-triethyl-ammonium after it has acted upon 
the nerve for about one hour makes the restored fibers inexcitable and 
prevents restoration by tetraethyl-ammonium. Ethylated histamine 
isa very powerful restoring agent that maintains the excitability of 
the restored fibers for at least several hours. 

There can be no doubt that the preparation of quaternary ammo- 
nium ions of the restoring type from naturally occurring substances 
makes the working hypothesis plausible. Indeed, the fact that a re- 
storing ion can be prepared from lysine suggests this possibility, that 
the basic end groups of protein molecules could be places where amino- 
nitrogen is converted into tetracovalent nitrogen and conversely. 

Let us consider now the second research that has been directed by the 
working hypothesis, namely the search for quaternary ammonium ions 
of the restoring type in nervous tissue. Obviously, if quaternary am- 
monium ions with properties resembling those of the restoring ions 
should participate in nerve function, the direct manner of demonstrat- 
ing their existence would be to isolate them from nervous tissue. The 
isolation has been accomplished. 

A remarkable property of the restoring ions has made the isolation 
a relatively easy task. As was discovered by E. Fischer (1878), potas- 
sium ferrocyanide precipitates quaternary ammonium bases from 
strongly acid solution. It has appeared, however, that the reaction is 
not universal, since there are quaternary ammonium bases that are 
not precipitated by potassium ferrocyanide. Remarkable enough, 
choline and acetylcholine are not precipitated, even not from concen- 
trated solutions; while practically all the quaternary ammonium ions 
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of the restoring type are precipitated from dilute solutions. For this 
reason, it was expected that if quaternary ammonium ions of the re- 
storing type were present in nervous tissue it would be possible to 
isolate them in the form of ferrocyanates. 

Ox brains (5 kg.) were minced in 5 |. of distilled water and concen- 
trated hydrochloric acid was added to make the mixture approximately 
0.1 Nin HCl. The mixture was boiled under a reflux condenser for 4 
hours. The filtrate was submitted to the various steps of the Kossel- 
Kutscher procedure for isolation of the basic amino acids (cf. Winter- 
stein, '33), except that the precipitation with silver sulphate was ef- 
fected at pH 9. After the removal of barium and silver, the filtrate 
was concentrated on the water bath to a thin syrup (approximately 
200 ml.), and after addition of sulphuric acid to pH 0.5 small volumes 
of a saturated solution of potassium ferrocyanide were added until no 
further precipitation occurred. The precipitate was suspended in 
water, the ferrocyanide was removed with copper sulphate, the excess 
copper and the sulphate with barium hydroxide, and the slight excess 
of barium with carbon dioxide. Hydrochloric acid was added to pH 
5 and the solution was boiled for a few minutes. The solution was 
evaporated on the water bath and the residue was extracted with a 
small volume of boiling methyl alcohol. The methyl alcohol solution 
was evaporated and the residue dried in vacuum at 80°C. The resi- 
due consisted in part of a crystalline powder, probably white, and in 
part of an amorphous greenish-yellow material. Both substances 
proved to be very soluble in water, readily soluble in methyl] alcohol 
and almost insoluble in cold ethyl alcohol. No attempt was made to 
separate the two substances. Finally, the residue was dissolved in a 
small amount of water. 

The solution proved to contain the chloride of a base that is strong, 
since the solution was practically neutral (pH 6.7). For its use in 
experiments on nerve the volume of the solution was adjusted so that 
the concentration of Cl- ions became 0.1 N. The volume of the solu- 
tion was then 21 ml.; thus, on the assumption that the active substance 
is a monoacid base, the yield of the extraction from 5 kg. of brains was 
approximately 2 millimoles. Appropriate tests showed that the solu- 
tion contained only traces of potassium and of sodium; i.e., that these 
2 ions were present only in amounts many times smaller than those 
which still have demonstrable effect upon frog nerve. 
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The effect of the extract upon Et fibers deprived of sodium is il- 
lustrated by figure 14, that reproduces records obtained in 2 different 
experiments (/ to /6 and /7 to 3/). In the 2 cases the nerves were 
allowed to become inexcitable in 0.11 M diethanol-dimethyl-ammo- 
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Fic. 14. RESTORATION OF THE EXCITABILITY OF NERVES RENDERED INEXCITABLE 
In 0.11 M DretHanot-DimETHYL-AMMONIUM CHLORIDE 
1 and 17, absence of conducted response in the peripheral segments of the nerves; 
3 to 16 and 19 to 30, restoration of the excitability of Et fibers by the base con- 
tained in brain extract 4; 31, spike of the fibers of slow conduction after restora- 
tion by Ringer’s solution. The sweep speed and the amplification (A 50) were 
constant. 


nium chloride (records / and /7). The restoration of the ability of Et 
fibers to conduct impulses did not begin as rapidly as it usually does 
when 0.11 M tetraethyl-ammonium chloride is used, but in both cases 
a number of Et fibers were found to be able to conduct impulses 20 
minutes after the brain extract had been placed in contact with the 
nerve (records 5, 6; 21). In both cases the conducted response in- 
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creased with advancing time (records 5 to 9; 2/ to 25); later, the re- 
sponse decreased in size progressively (records // to 16; 27 to 30), 
a phenomenon that is not observed with tetraethyl-ammonium, but is 
produced by other restoring ions (cf. figs. 7 and 8). It will be noted 
that the speed of conduction of the restored fibers was exceedingly low, 
which is one of the most pronounced features of the action upon nerve 
of restoring quaternary ammonium ions. 

In the second experiment the peripheral segment of the nerve was 
treated with Ringer’s solution after it had been in contact with the 
brain extract for one hour. The speed of conduction and the spike 
height were observed to increase progressively; record 3/ presents the 
fully recovered spike of the fibers of slow conduction. A comparison 
of records 25 and 3/ shows that the extract had restored the excita- 
bility of an important number of Et fibers. 

In view of these results there can be no doubt that the extract con- 
tains a substance that has properties similar to those of quaternary 
ammonium ions of the restoring type. In one important respect, how- 
ever, the naturally occurring substance differs from the restoring ions 
listed in figures 1, 6, 10 and 11. The brain extract restores to fibers 
of fast conduction (A fibers) the ability to produce impulses. 

Figure 15 reproduces records of electrotonic potentials in the peri- 
pheral segments of 2 nerves. The potentials were produced by rec- 
tangular pulses of current and were recorded at 6 mm from the polarizing 
electrode. Records / to 4 define the state of the fibers of fast con- 
duction of the 2 nerves before the application of the restoring solutions. 
In one case (records 5 to &) the restoration was effected with ethylated 
lysine (cf. fig. 12), and in the other case (records 9 to 24), with the brain 
extract (cf. fig. 14, / to 16). 

Ethylated lysine did not produce any readily detectable change in 
the recorded potentials; in particular, the rounded corner of the de- 
flection produced by the break of the anodal current (records 5 to 8) 
was a proof that the A fibers failed to produce impulses in response to 
the break of the current. The brain extract, however, caused impor- 
tant changes. In the first place, attention will be called upon the fact 
that the corners of the deflections in records 9 to 12 are quite sharp; 
the fact indicates that certain features of the electrotonic potential of 
normal nerve had been restored by the extract. On the other hand, 
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records 13 and 17 few fibers, if any, produced impulses, but in the case 
of records 16, 20, 21 and 24 there is no doubt that a significant number 
of A fibers responded to the break of the current, since unmistakable 
spikes appear superposed upon the deflection produced by the decay 
of the anelectrotonus. Clearly, after the brain extract had acted 
upon the nerve the periods of anodal polarization that were used to 
obtain records 14, 15, 18, 19 and 22, 23 improved the state of the nerve 
fibers to the extent that nerve impulses could be produced (cf. Lorente 
de N6, ’47, Chapter XIII). 

Identification of the active substance by chemical analysis has not 
been done yet; consequently, the nature of the substance is still un- 
known. As a matter of fact, in view of the results of experiments 
done with the use of another brain extract it seems plausible to believe 
that two substances with somewhat different properties are present in 
the extracts. But, however this may ultimately prove to be, there 
can be no doubt that at least one substance can be extracted from the 
ox brain that in all probability is a quaternary ammonium base and 
is different from choline, acetylcholine and thiamine, both in chemical 
and in biological properties. The substance extracted from the ox 
brain restores the excitability of frog nerve fibers deprived of sodium. 
Therefore, it is logical to conclude that the substance participates in 
the accomplishment of nerve function, but only future research may 
disclose the intimate details of the mode of action of the naturally oc- 
curring substance or substances and of the mode of action of the re- 
storing ions listed in figures 1, 6, 10 and 11. 

The problem presented by the differences in the actions of quater- 
nary ammonium ions upon frog nerve is only a new aspect of an old 
problem, that of the relationship of chemical structure to biological 
action. In a masterly lecture Sir Henry Dale (’20), making specific 
reference to the then known differences between the pharmacological 
actions of tetramethyl-ammonium and tetraethyl-ammonium (cf. 
Burn and Dale, ’15), used these words: “A few years ago, in discuss- 
ing this curious contrast between the methyl and ethyl ammonium 
bases, I ventured to say that it was as mysterious as the physiological 
contrast between sodium and potassium.” No more graphic state- 
ment of the nature of the problem could be made today. 

That in its action upon nerve tetraethyl-ammonium resembles 
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sodium need not be mentioned again. The action of tetramethyl- 
ammonium does not resemble that of potassium, but a number of 
quaternary ammonium ions exert a depolarizing action upon nerve, so 
that, in this respect, their action resembles that of potassium. Re- 
markably enough, in spite of differences in the abilities of the ions to 
substitute for sodium in experiments of short duration, 0.11 M solu- 
tions of the chlorides of all the ions listed in diagonal 4,d of figure 1 
are powerful depolarizing agents, to the extent that 3 of them cause 
disintegration of the nerve membrane even faster than 0.11 M potas- 
sium chloride. 

The question as to why the properties of tetracovalent nitrogen may 
vary so widely, depending upon the nature of the groups attached to it, 
undoubtedly will address serious challenges to theoretical chemists. 
Probably, the action of many additional ions will have to be investi- 
gated before the number of series of ions with gradual structural dif- 
ferences, that has been submitted to experimental analysis, becomes 
sufficient for a successful theoretical study. 

There still is one question that should be discussed in this report, 
the action of acetylcholine upon peripheral nerve fibers. The formula 
of acetylcholine has been included in figure 6 within a frame in order to 
emphasize the fact that acetylcholine does not belong to the class of 
restoring ions. On the contrary, acetylcholine is one of the inert ions, 
provided only that its enzymatic hydrolysis be prevented by means of 
a cholinesterase inhibitor. Certain experimental observations may be 
recalled here (cf. Lorente de N6, ’47, section IV, 7). 

If minute amounts of an esterase inhibitor, eserine, prostigmine or 
di-isopropyl-fluorophosphate, are added to a solution of acetylcholine, 
the solution proves to have no direct action upon the nerve fibers, even 
when the solution is isosmotic with Ringer’s solution. To be sure, an 
isosmotic solution of acetylcholine ultimately renders the nerve fibers 
inexcitable, because it is a sodium-free medium, but if the solution con- 
tains sodium ions at the concentration 0.022 M the nerve fibers remain 
excitable for at least 24 hours in the presence of acetylcholine (1.6 per 
cent), provided only that, be it repeated, the solution contains a chloin- 
esterase inhibitor at concentrations of the order of magnitude of those 
which are sufficient to inhibit cholinesterase in im vitro experiments. 
Therefore. it must be concluded that acetylcholine has no demonstrable 
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action upon the mechanism that underlies the production of the nerve 
impulse, nor upon the mechanism that maintains the resting membrane 
potential. In so far as peripheral nerve is concerned, and as far as 
present-day methods go, acetylcholine is an inert substance. 

An entirely different situation prevails if the experiments are done 
in the absence of a cholinesterase inhibitor. It is true that acetyl- 
choline, at concentrations up to the indeed high concentration of 0.2 
0.3 percent, fails to have a demonstrable action upon peripheral nerve, 
in the absence as well as in the presence of an esterase inhibitor; at 
higher concentrations, however, acetylcholine produces a progressive 
depolarization of the nerve fibers, and soon the nerve fibers become in- 
excitable. Obviously, uninhibited cholinesterase splits acetylcholine 
to yield one or more substances that exert a deleterious action upon 
nerve. One of the products of the hydrolysis of acetylcholine is choline 
(fig. 1, VI), which is an inert ion; therefore, the active substance must 
be the other product of the hydrolysis, acetic acid. As a matter of 
fact, appropriate experiments have demonstrated that, in contrast with 
the effect of certain other organic acids, acetic acid exerts a deleterious 
action upon nerve (Lorente de N6, ’47, section III, 7). Thus, there 
can be no doubt that both acetylcholine and the cholinesterase in- 
hibitors (eserine, prostigmine and di-isopropyl-fluorophosphate) pene- 
trate into the nerve fibers, at least as far as is necessary to reach the 
cholinesterase. On the other hand, the fact that the ethyl homologue 
of acetylcholine is a restoring ion (fig. 7, 5 to 12) leaves no theoretical 
reason to support the assumption that acetylcholine would not pene- 
trate into the nerve fibers. Thus, the only permissible statement is 
that, in regard to peripheral nerve, acetylcholine is an inert substance. 

Th elack of demonstrable action of acetylcholine itself upon periph- 
eral nerve stands in sharpest contrast with the exceedingly powerful 
action that minute concentrations of acetylcholine have upon the 
heart and upon the synaptic junctions, among others of muscle and of 
sympathetic ganglia. This difference between the action of acetyl- 
choline upon nerve and upon synaptic junctions is one of the funda- 
mental facts of neurophysiology. The fact is an important part of 
the foundation upon which Loewi (’33) and Dale (’37) based their 
concept of synaptic transmission. Later work has only increased the 
importance of the fact. Therefore, in concluding, I may state that 
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the difference between the actions of acetylcholine upon nerve and upon 
the synaptic junctions must be regarded, now more than ever, as one of 
the basic facts of neurophysiology. 


SUMMARY 


An analysis has been made of the effect upon the excitability of frog 
nerve fibers deprived of sodium of 33 quaternary ammonium ions and 
of a base extracted from the ox brain, which in all probability also is a 
quaternary ammonium ion. 


LITERATURE CITED 


Burn, J.H.anpSirRH.Date 1915 Theaction of certain quaternary ammonium 
bases. J. Pharmacol. and Exp. Therap., 6, 417-438. 

Date,StrR H. 1920 Chemical structure and physiological action. Johns Hopkins 
Hospital Bull., 31, 373-380. 

Date, Str H. 1937 Transmission of nervous effect by acetylcholine. The 
Harvey Lectures, 37, 229-245. 

Fiscuer, E. 1878 Ueber einige Verbindungen der Aminbasen mit Ferrocyan- 
wasserstoffsiure. Ann. d. Chem., 190, 184-187. 

LoRENTE DE NO, R. 1944 Effects of choline and acetylcholine chloride upon 
peripheral nerve fibers. J. Cell. and Comp. Physiol., 24, 85-97. 

LoRENTE DE N6,R. 1947 A Study of Nerve Physiology. The Studies from The 
Rockefeller Institute for Medical Research, 131 and 132. 

Loewr, O. 1933 Humoral transmission of nervous impulse. The Harvey 
Lectures, 28, 218-243. 

Overton, E. 1902 Beitrige zur allgemeinen Muskel und Nervenphysiologie. 
II Mittheilung. Ueber die Unentbehrlichkeit von Natrium- (oder Lithium-) 
Tonen fiir den Contractionsact des Muskels. Arch. f. Physiol., 92, 346-386. 

WinterstEern, A. 1933 Aminosiuren. Handbuch der Pflanzenanalyse, her- 
ausgep. von G. Klein, 4, 1, 1-180. 


DISCUSSION 


S. W. KUFFLER 
(From the Wilmer Institute, The Johns Hopkins Hospital) 


This work on quaternary ammonium compounds opens up valuable 
new approaches to nerve physiology. It will certainly stimulate profit- 
able new experiments along diverse lines. 

In previous studies Lorente de N6 established that Na* ions are not 
essential for the maintenance of the nerve membrane potential. 
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Further, a nerve depolarized by KCl may regain its polarized state in 
the absence of Na* ions; e.g. while surrounded by 2.5 per cent choline 
chloride in distilled water or acetylcholine in similar concentrations. 
Na* ions, however, appeared to play an essential réle in the produc- 
tion of propagated responses. 

The experiments reported in Dr. Lorente’s paper are a logical con- 
tinuation and extension of those studies. They also represent an im- 
portant step in the direction of correlating structural composition of 
pharmacological substances, with physiological function. Similar at- 
tempts have been notoriously unsuccessful in the past and have 
prompted A. J. Clark to a statement which read somewhat as follows: 
“Sufficient work on the correlation of structure and action has been 
done to make clear the extent of our ignorance in this field.” 

From these or previous studies, it is not known how long it takes to 
remove sodium from nerve, if it is surrounded by solutions lacking 
this ion. It would therefore be interesting to correlate the actual 
sodium content with the ability of nerve to conduct impulses. Should 
all appreciable amounts of sodium disappear within several hours, then 
it would demonstrate that (i) Na* ions are not indispensable for con- 
duction. It would also further support the assumption that (ii) stores 
of essential “products” or metabolites, which depend for their synthesis 
on Na* ions, get depleted during those remaining hours of conduction 
in the absence of sodium. In this connection, the following findings 
of Tobias are of interest, namely that muscles soaked in distilled water 
for 5-48 hours lose all their potassium, but still retain some sodium 
together with an appreciable membrane potential of 10-30mV. Fur- 
her, sodium may be practically absent in certain silkworm pupae while 
conduction apparently exists. 

Dr. Lorente’s experiments do not favour a view that in medullated 
nerve conduction a potassium-sodium exchange takes place during 
nerve impulses. 

That quaternary ammonium ions enter into the mechanism of nerve 
impulse production is clear from the profound modifications which they 
effect on the conduction mechanism. As Dr. Lorente points out, how- 
ever, this does not prove that they normally take part in those proc- 
esses. It need not be assumed that a great variety of ions, of different 
composition, could not act in a similar manner. This aspect of the 
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problem is well on the way to solution through the studies using brain 
extracts. 

One of the most interesting suggestions emerging from this study is 
the possible mode of creation of electric double layers by compounds 
which apparently occur normally in nervous tissue. The transforma- 
tion of tricovalent nitrogen compounds into tetracovalent ones during 
the recovery phase, e.g. of depolarized nerve, would adduce strong evi- 
dence in support of such a mechanism. Studies with heavy nitrogen 
may be most useful in this approach. 

The selective effect of tetraethyl-ammonium compounds on nerves 
of different diameter and conduction velocities supplies us with a valu- 
able new tool of investigation of the properties of these fibers. Con- 
duction velocities as low as 30 mm/sec have never been observed be- 
fore in vertebrate nerve. Such drastic changes are of interest, since 
the mode of propagation must be profoundly altered. 

The failure of tetraethyl-ammonium to restore the large diameter A 
fibers while brain extracts will be effective is an indication that the 
latter may eventually yield a series of interesting compounds. 

The problem of penetration of the diverse compounds into the nerve 
fibers has not been taken up in this short paper. Injection of radio- 
active material, or soaking of nerves in it, would undoubtedly help in 
determining the extent to which the quaternary ammonium com- 
pounds participate in nervous activity. All these possibilities have 
been opened up by Dr. Lorente’s recent work. 
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III. ACETYLCHOLINE AS A PHARMACOLOGICAL AGENT 


THEODORE KOPPANYI 


(Department of Pharmacology and Materia Medica, Georgetown University School of 
Medicine, Washington, D. C.) 


Acetylcholine has been assigned the important physiological réle of 
chemical mediator of parasympathetic postganglionic, autonomic pre- 
ganglionic (synaptic) and motor nerve impulses. The theory of this 
chemical mediation is based partly on the recovery of acetylcholine in 
the venous effluent from the stimulated effector structures and partly 
on the similarity of physiological response to nerve stimulation and to 
acetylcholine injection. Nachmansohn and Rothenberg (34) hold 
that the theory of acetylcholine being involved in the chemical medi- 
ation of nerve impulse to the effectors is based essentially on pharmaco- 
logical evidence which does not permit conclusions as to the site of the 
physiological action of acetylcholine. It is well known that these 
investigators assign to acetylcholine a physiological réle in nerve con- 
duction and state that the release and the removal of this substance 
are essential factors in conduction. These authors believe that the 
theory of acetylcholine as a transmitter is deduced purely from the 
pharmacological action of acetylcholine, and do not appear to attach 
significance to the recovery of acetylcholine in the venous effluent from 
stimulated, cholinergically innervated structures (in contrast to 
adrenergically innervated structures). 

The protagonists of the transmitter theory maintain that sufficient 
evidence exists for the réle of acetylcholine as a chemical mediator, 
even if the pharmacological action of acetylcholine and the physiologi- 
cal effects of nerve stimulation should prove to be not exactly identical. 
They have recently attributed additional réles to acetylcholine in 
nervous activity, claiming that it is the neurohormone of the central 
nervous system. According to Gray (14), intra-arterial injection of 
acetylcholine into the skin produces in cats and dogs discharge of fast 
sensory nerve impulses lasting for several seconds. He suggests that 
sensory endings, like the central ends of postganglionic fibers and motor 
end-plates, may be specialized to facilitate the starting of propagated 
responses. 
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Whether one adheres to the Loewi-Dale theory of chemical mediation 
or to the Nachmansohn theory of conduction, the fact remains, and is 
admitted by both, that acetylcholine has an important physiological 
role in the activity of the nervous system, and has clearly defined and 
predictable pharmacological actions. Therefore, it is imperative to 
assemble and critically examine the major experimental evidence 
relative to the pharmacological action of injected acetylcholine. 

For the sake of brevity, it is impossible to review many important 
effects of acetylcholine, such as its influence on the activation of 
marine eggs, on the light-dark-adapted retina, on the cord activity of 
earthworms, or on the genital organs of male animals in conjunction 
with the effect of sex hormones. 

Since acetylcholine is rapidly destroyed by the cholinesterase system, 
the most reliable results are obtained when the drug is injected directly 
into the blood vessels. Pharmacologists, like physiologists, are inter- 
ested in the cholinesterase problem, particularly in cholinesterase 
inhibitors (reversible and irreversible), because they find that not only 
the effects of cholinergic nerve stimulation, but also those of injected 
acetylcholine are prolonged, potentiated or otherwise modified by anti- 
cholinesterases. It may be convenient to distinguish between two 
types of cholinesterases: (a) “specific cholinesterase,’”' the enzyme 
present in the effector organ and responsible for terminating acetyl- 
choline effect upon any specific stimulated structure; (b) “transport 
cholinesterase,” the enzyme with which the drug comes in contact 
before reaching the responsive structures. It is also responsible for the 
destruction of any acetylcholine that might escape hydrolysis by the 
specific cholinesterase. The term “essential cholinesterase” should be 
reserved for those fractions of specific and transport cholinesterases 
that limit the magnitude and persistence of acetylcholine effect on any 
given structure, e.g. sum total of cholinesterase concerned with vaso- 
depressor effects of acetylcholine. 

This review of acetylcholine effects on the various systems differen- 
tiates, whenever possible, between the muscarinic and nicotinic effects 
of this drug. 


1 It is unfortunate that true cholinesterase is occasionally referred to as “specific 
cholinesterase.” 
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A. ALIMENTARY TRACT 


Intravenous or intra-arterial injection of acetylcholine increases the 
tone, the rhythmic contractions, and the peristaltic activity of the 
gastrointestinal tract. Localized contraction rings and violent spasm, 
followed by defecation or diarrhea, may also result from acetylcholine 
injection. Molitor (33) found that acetylcholine, in concentrations of 
0.001 mg. percent, increases the amplitude and frequency of the move- 
ments of isolated rabbit intestine, and also in non-anesthetized dogs it 
produces vomiting and defecation. The minimum effective cathartic 
dose of acetylcholine in dogs is, according to Molitor, 0.8 mg./kg. upon 
subcutaneous, and 40 mg./kg. upon oral administration. We found 
that in non-anesthetized dogs (six animals) doses of 1 mg./kg. or less 
failed to produce defecation (intravenous administration). Intra- 
venous doses of 2.5 mg./kg. or more were necessary to produce nausea 
and vomiting (probably central effects). In man, Weiss and Ellis (43) 
found that a 2 percent solution of acetylcholine injected intravenously 
at a rate of from 0.02 to 0.14 Gm. per minute produced nausea and 
vomiting. Carmichael and Fraser (8) did not observe nausea and 
vomiting in similar experiments (different injection rates?). 

Atropine abolishes the pendulum and peristaltic movements and 
lowers the tonus. Only the administration of optimum amounts of 
anticholinesterases (0.1 to 1.0 mg./kg. of hexaethyltetraphosphate 
(“HEPT”’’), or tetraethylpyrophosphate (“TEPP’’), can restore the 
tone and establish rhythmic movements in atropinized animals. In 
most mammals premedicated with atropine and cholinesterase in- 
hibitors, massive doses of acetylcholine may only increase the tone 
without increasing the rhythmic or peristaltic activity. Close intra- — 
arterial injection of ““TEPP” produces marked intestinal stimulation 
in atropinized animals. 

Experiments on atropinized animals reveal that there is no funda- 
mental difference between the effects of peripheral vagus stimulation 
and of acetylcholine injection on the gastric and duodenal tonus and 
motility. In twelve dogs the following results were obtained: 


a. Atropine administered intravenously in doses from 1 to 10 mg./kg. uni- 
formly produced a lowering of the tone and stoppage of motility. Duo- 
denal motility was recorded by a tambour connected with a balloon inserted 
through the stomach into the duodenum. 
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b. Simultaneous faradic stimulation of both vagi initiated duodenal contrac- 
tions in only two of twelve dogs, and in only six of over one hundred faradic 
stimulations. 

c. Large doses of acetylcholine (2.5 to 5.0 mg./kg.) increased the tonus in 
eight of twelve dogs. 

d. When these animals were given large amounts of “HETP” or “TEPP”, 
vagus stimulation and acetylcholine injection often produced both increase 
in tonus and motility. 

e. Acetylcholine in the presence of 0.1 mg./kg. of atropine and of 0.5 mg./kg. 
of physostigmine or neostigmine produced pressor (nicotinic) effects pre- 
ceded by a fall of blood pressure (muscarinic effects). Under these con- 
ditions, vasodepression was accompanied by stimulation of intestinal activ- 
ity, while the marked pressor effect was accompanied by unmistakable 
intestinal relaxation (epinephrine-like effect) (Fig. 1). 

f. Large amounts of nicotine (5 to 10 mg./kg.) abolished both the pressor and 
the intestinal inhibiting effects of acetylcholine. 


The intestinal relaxation must be looked upon as a true nicotinic 
effect of acetylcholine. It was also observed by Hoffmann et al. (15), 
who demonstrated that the perfusion of isolated mammalian hearts 
with acetylcholine solutions, producing positive ino- and chronotropic 
effects (nicotinic action), results in the perfusate acquiring the property 
of relaxing the rectal cecum of the fowl and the small intestine of the 
rabbit. 

The observations that in some atropinized animals large doses of 
acetylcholine increased intestinal tone and motility, while in others 
produced pure relaxation, are not contradictory when it is realized that 
the former represent a “breaking through” of the muscarinic effect 
commonly seen in other systems as well. 

Salivary secretion is readily produced by intravenous injection of 
acetylcholine both in animals and in man. Premedication with sub- 
minimal doses of anticholinesterases makes the flow more copious and 
lasting. 

Wilkinson (45) investigated the effect of subcutaneous doses of 
acetylcholine (0.1 to 0.2 Gm.; total) on gastric secretion in normal and 
ill human subjects. In the majority of normal cases he found an 
increase of the free and total gastric acidity. In pathological con- 
ditions (pernicous anemia, secondary anemia, ulcers with acid hyper- 
secretion) variable results were obtained. In mucous colitis, acetyl- 
choline failed to increase free hydrochloric acid, but produced an 
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increase in the total gastric chlorides. Atropine prevented or abruptly 
terminated the effects of acetylcholine. Necheles, Motel and Kosse 
(35) compared the effects of acetylcholine, methacholine, and neostig- 
mine on gastric secretion, and found that acetylcholine was the weakest 
stimulant among the drugs employed. Subcutaneous doses (0.1 to 0.4 
Gm.; total) caused a distinct increase in volume of gastric juice, and of 
acid and pepsin secretion of the Heidenhain pouch in dogs. The 
maximum effect was obtained 30 minutes after injection and lasted for 
over an hour. Neostigmine produced similar results and appeared to 
enhance the effects of acetylcholine. 

Stavraky (40) injected acetylcholine into the gastrosplenic artery and 
reported an increased secretion of alkaline gastric juice, at times as 
high as pH 8.9. This secretion apparently originates from the inner 
third of the glands of the body of the stomach along the greater curva- 
ture and the chief cells of the neck. Stavraky (40) states that acetyl- 
choline is not a powerful stimulant for hydrochloric acid, and a 
preexisting secretory activity in the stomach is needed for its acid- 
stimulating effect. In excessive doses, or by intra-arterial injection 
(particularly in a quiescent stomach), acetylcholine induces alkaline 
secretion. It may be conjectured that the acid-stimulating effect is 
a muscarinic action, while the alkaline secretion is possibly nicotinic. 

Villaret and Justin-Besancon (42) observed in dogs, following intra- 
venous injection of acetylcholine, an abundant secretion of pancreatic 
juice rich in lipase and amylase. 


B. HEART AND PERIPHERAL CIRCULATION 


Acetylcholine in small doses produces a fall of blood pressure without 
cardiac inhibition; indeed, a reflex acceleration of the heart more often 
occurs. Larger doses (0.005 or 0.01 mg./kg. or higher) produce cardiac 
slowing and even asystole. In animals in which the negative chrono- 
tropic (vagal) effect has been abolished by atropine or by methylene 
blue? (McDowall, 28), acetylcholine in doses of 0.25 mg./kg. or more 
produces a nicotinic type of cardiac acceleration. 


*In this laboratory we were unable to demonstrate in anesthetized dogs an 
atropine-like effect of methylene blue in doses from 2.5 to 60.0 mg./kg. given by 
vein. Rather the methylene blue appeared to increase the vasodepressor and 
negative chronotropic effects of acetylcholine. 
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Cardiac acceleration in atropinized animals also may be produced by 
vagus stimulation. This may be due either to a true nicotinic effect of 
liberated acetylcholine, or to stimulation of accelerator fibers running 
in the vagus trunks, which are alleged to possess a low threshold of 
irritability. Cardiac acceleration produced by vagus stimulation, or 
by injection of nicotinic doses of acetylcholine, may be enhanced by 
cholinesterase inhibitors, by cocaine, and abolished by paralytic doses 
of nicotine and curare. (Fig. 2 shows a typical experiment in which 
the pressor effect following peripheral vagus stimulation was abolished 
by a large dose of nicotine. Five mg./kg. of neostigmine restored the 
vagus effect as well as the nicotinic effect of acetylcholine, which was 
likewise abolished by the large dose of nicotine.) 

The cause of cardiac acceleration following the injection of large 
doses of acetylcholine in atropinized animals appears to be a nicotinic 
effect, although the experimental evidence is conflicting. McDowall 
(28) states that the stimulating action may be observed also following 
the administration of nicotine in doses sufficient to paralyze the auto- 
nomic ganglia. He believes that this is a direct action on the cardiac 
muscle. Hoffmann, et al. (15), and McNamara, Krop and McKay 
(29), on the other hand, report that the positive ino- and chronotropic 
effects of acetylcholine are abolished by ganglionic paralyzants such as 
nicotine, curare, and dimethylpiperidine. The latter drugs do not 
modify the effect of epinephrine on the heart. The bulk of evidence, 
therefore, indicates that the stimulating action of acetylcholine is not 
a direct one on the myocardium. 

Electrocardiographic analysis of the action of intravenously injected 
acetylcholine on the heart was first reported by Goldenberg and 
Rothberger (13). They observed a decrease in amplitude (notching) 
and even a diphasic appearance of the P waves. With progressively 
larger doses, A-V block (two auricular beats to one ventricular beat), 
with auricular fibrillation (up to rates of 1800 beats per minute) 
occurred. Return to normal sinus rhythm proceeded through the 
stages of coarser and slower fibrillation and flutter. These experiments 
were essentially confirmed by Noth, Essex, and Barnes (36). 

In this laboratory, electrocardiographic studies were made of the 
effects of 5.0 mg./kg. of intravenously injected acetylcholine in dogs 
narcotized with pentobarbital sodium. Some animals were premedi- 
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cated with 0.05 mg./kg. of physostigmine. At first the control leads 
were taken. During and following injection a continuous tracing of 
Lead 2 was made. In the non-physostigminized animals there was an 
immediate period of complete auricular and ventricular asystole lasting 
about three seconds. Then followed a high-grade partial heart block, 
gradually subsiding, as shown by the increased number of responses of 
the ventricles to the auricles. Then a period of very rapid sinus 
tachycardia was recorded, which gradually became slower. Shortly 
after the onset of tachycardia, a downward RST displacement became 
evident. At the greatest degree of this displacement, the T wave 





Fic. 3. Dog, 10.8 kg. Pentobarbital sodium anesthesia. Leads 1, 2, and 3 
before the injection of acetylcholine. 


became inverted. With the decrease in heart rate, the RST displace- 
ment lessened and the terminal portion of the T wave became upright. 
The tracings contain evidence of complete suppression of both the S-A 
and A-V nodes, with indications that the sinus node recovers before the 
A-V node (Figs. 3 and 4). 

The appearance of the downward displacement of the RST segment 
represents an injury effect in the muscle closest to the endocardial 
surface. This injury is probably due to ischemia of the heart muscle 
resulting from the asystolic period and not from coronary constriction 
caused by acetylcholine. Katz, et al. (16) have shown that this drug 
in the cat may cause coronary vasoconstriction, but in the dog produces 
only coronary vasodilation. 
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In dogs premedicated with physostigmine, the electrocardiographic 
changes are more intense. Complete asystole may last for 50 seconds. 
Idioventricular rhythm then appears, at first very slow (8 beats per 
minute), but becoming progressively faster. With the advent of idio- 
ventricular rhythm, the auricles begin to fibrillate. Later, the fibril- 
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Fic. 4. Dog, 10.8 kg. Pentobarbital sodium anesthesia. Continuous tracing 
of Lead 2 during and after the intravenous injection of 5.0 mg./kg. of acetylcholine 
chloride. The first seven strips are continuous; the eighth strip was taken five 
minutes after the seventh. 


lation becomes coarser and the sinus node eventually resumes control 
of the auricles in the presence of complete A-V dissociation. In some 
instances, the A-V node never recovers, as manifested by the lack of any 
ventricular responses to the auricles, either when fibrillation is present, 
or later when the sinus node begins to initiate auricular beats. The 
idioventricular pacemaker is below the bifurcation of the bundle of His 
(Figs. 5 and 6). 
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Acetylcholine is the most potent vasodilator and vasodepressant 
agent when administered intravenously. With larger doses, the vaso- 
depression represents a combination of vasodilation and cardiac inhi- 
bition. Figs. 7 and 8 illustrate the type and duration of the vasode- 
pressor effects of acetylcholine; with gradually increasing doses the 
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Fic. 5. Dog, 11.2 kg. Pentobarbital sodium anesthesia. 0.05 mg./kg. 
physostigmine sulfate by vein. Leads 1, 2 and 3 prior to the injection of acetyl- 
choline. 


blood pressure fall becomes greater and the recovery period more pro- 
longed. Cholinesterase inhibitors intensify these effects. 
Acetylcholine has a nicotinic effect on the peripheral circulation, as 
ithasonthe heart. This nicotinic effect, consisting of vasoconstriction 
and elevation of blood pressure, is best seen if the muscarinic effects 
on the heart and blood pressure are prevented by previously adminis- 
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Fic. 6. Dog, 11.2 kg. Pentobarbital sodium anesthesia, and premedication 
with 0.05 mg./kg. physostigmine sulfate by vein. Continuous tracing of Lead 2 


during and after intravenous injection of 5.0 mg./kg. of acetylcholine chloride. 
The first ten strips are continuous; the eleventh taken five minutes after the tenth, 
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tered atropine. It is possible, however, to obtain a secondary rise in 
blood pressure following the initial fall by large doses of acetylcholine 
in cocainized dogs not previously atropinized (Fig. 9). 

The vasopressor effect of acetylcholine is intensified by cholinesterase 
inhibitors and abolished by ganglionic depressants such as nicotine, 


|| 
se se) 


0.001 mgs ACh. O.01 mg. ACh. 


Fic. 7. Dog, male; wt. 14.1 kg. 


35 mg. per kg. of sodium pentobarbital anes- 
thesia by vein. 


Upper line—mean arterial blood pressure; second line—base line 
and time signal (time: 5 seconds) ; lowermost line—injection marks. 

I. 0.001 mg. per kg. of acetylcholine chloride by vein. II. 0.01 mg. per kg. of 
acetylcholine chloride by vein. III. 0.1 mg. per kg. of acetylcholine chloride by 
vein. (Respiratory stimulation.) IV. 1.0 mg. per kg. of acetylcholine chloride 
by vein. (Respiratory stimulation.) 


curare preparations, and dimethylpiperidines (Koppanyi, Linegar and 
Herwick, 23), (Koppanyi and Vivino, 25), and (McNamara, Krop and 
McKay, 29). The pressor effects produced by acetylcholine are pre- 
served following removal of the carotid sinuses, the central nervous 
system, the adrenal glands, the liver, and/or clamping of the abdominal 
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Fic. 9. Dog, male; wt. 17.2 kg. 35 mg. per kg. of sodium pentobarbital anes- 
thesia by vein. 5 mg. per kg. of cocaine hydrochloride by muscle. Upper line— 
duodenal motility; second line—mean arterial blood pressure; third line—base line 
and time signal (time: 5 seconds) ; lowermost line—injection marks. 

I. Faradic stimulation of peripheral vagus 4. 


II. 2.5 mg. per kg. of acetyl- 
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aorta at the level of the diaphragm. Upon the removal of the thoracic 
sympathetic chain and the superior cervical ganglia, acetylcholine does 
not produce pressor effects or other nicotinic actions following clamping 
of the abdominal aorta. 

The pressor substance, or substances, released as a result of acetyl- 
choline injection may be transferred from one animal to another by a 
method of interrupted blood transfusion, producing pressor effects in a 
non-atropinized, but cocainized recipient (Koppanyi, Linegar and 
Herwick, 23). 

There is little doubt, therefore, that the same factor causing cardiac 
acceleration is also responsible for the pressor effect of acetylcholine. 
McNamara, Krop and McKay, (29) made the interesting observation 
that calcium restores the pressor effect of acetylcholine following its 
abolition by nicotine or dimethylpiperidine. In this connection, it 
may be recalled that Linegar (27) has shown that barium restores the 
pressor effect of acetylcholine after it has been abolished by the admin- 
istration of ergotamine. Large doses of antiesterases have similar 
effects. 


C. RESPIRATION 


Acetylcholine, even in small doses, may reflexly increase the rate and 
depth of respiration, due to its vasodepressor action. In atropinized 
animals, the effects on the respiration are purely nicotinic and consist 
of marked but fairly fleeting respiratory stimulation, followed by 
depression. Koppanyi, Linegar and Herwick (23) have shown that 
the respiratory effects of acetylcholine are greatly enhanced by previous 
administration of antiesterases and by cocaine. Koppanyi and 
Linegar (22) reported that, when the carotid bodies are removed and 
the vagi sectioned above the ganglia nodosa, acetylcholine did not 
produce respiratory stimulation (in cats and dogs). Paralytic doses of 
ganglionic poisons (nicotine, dimethylpiperidines) diminished or 
abolished the “nicotinic”? respiratory stimulating action of acetyl- 
choline. It is obvious, therefore, that respiratory effects of acetyl- 
choline are due to the stimulation of the chemoreceptors which mor- 
phologically may be equivalents of sympathetic ganglia or chromaffin 
cells. It does not necessarily follow, however, that acetylcholine is the 
chemical mediator to the chemoreceptors. 
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It is remarkable that acetylcholine, even when injected intravenously 
(in dogs) in massive doses up to 25 mg./kg., has only a very fleeting 
bronchoconstrictor effect. It seldom lasts for over 30 seconds. 
Perhaps the nicotinic effects tending to produce bronchial dilatation 
oppose the muscarinic spasm. It may be interesting to note that some 
of the reversible and irreversible cholinesterase inhibitors, when given 
in large doses, may produce death by bronchial constriction even in 
atropinized animals, so that artificial respiration is necessary to keep 
them alive (Koppanyi, et al., 20) and (King, et al., 17). 

Weiss and Ellis (43) and also Carmichael and Fraser (8) reported 
that the intravenous injection of large amounts of acetylcholine (as 
much as 0.5 mg./kg.) in human beings produced sensations of ob- 
structed breathing, constriction in the chest, burning in the throat, and 
a desire to cough. Coughing was most noticeable in individuals suffer- 
ing from respiratory infections. The cough could be voluntarily sup- 
pressed. When small amounts of physostigmine were given prior to 
acetylcholine, the symptoms were accentuated and lasted longer. In 
most subjects the rate and depth of respiration increased. 


D. SKELETAL MUSCLE 


The classical researches of Brown, Dale and Feldberg (6) established 
that when acetylcholine is injected directly into the empty arteries of 
the mammalian muscle it causes contraction at not less than half the 
speed of the maximal motor nerve twitch. An amount of 2 gammas is 
adequate to produce contractions. With small doses of physostigmine 
(from 0.1 to 0.3 mg./kg.), the response to a maximal nerve volley 
changed from a simple twitch to a repetitive tetanus-like effect. The 
tension was twice or more that of the normal twitch. Similarly, small 
or moderate doses of physostigmine potentiated the effect of acetyl- 
choline on the muscle. These authors suggest that acetylcholine is 
involved in the chemical transmission of impulses from nerve to volun- 
tary muscle and emphasize the importance of the choice of anesthetic 
for the success of such experiments. 

Maurer (30), who carried out brief tetanic stimulation of the tibial 
nerve in narcotized cats, has shown, in accordance with other authors, 
that large doses of physostigmine prevent rather than enhance the 
muscle effects of acetylcholine. In animals anesthetized with pento- 
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barbital, atropinized or non-atropinized, all but the initial response to 
indirect stimulation of the nerve or to acetylcholine was abolished after 
12 mg. of physostigmine per kg. In animals anesthetized with ethyl 
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Fic. 10. Cat, 2.5 kg. Anesthesia—95 per cent ethyl alcohol (7.5 cc. per kg. by 
mouth). 1.0 mg. per kg. of atropine sulfate by vein. Direct and indirect single 
shock and tetanic stimulations before physostigmine administration and following 
the intravenous injection of 0.2 mg. per kg., 2.0 mg. per kg., and 3.0 mg. per kg. of 
physostigmine. 


alcohol, with or without atropine, response to indirect stimulation was 
greatly reduced or abolished with as little as 2.0 mg./kg. of physostig- 
mine (Fig. 10). Initial responses were abolished only after from 


80-100 mg. of physostigmine. Continuous perfusion of the muscle 








550 THEODORE KOPPANYI 


with acetylcholine solutions also reduced or inhibited the responses to 
tibial stimulation. 

Lands (26) demonstrated that the well-known phenomenon of 
acetylcho ine-contracture of the rectus muscle of the frog is potentiated 
by physostigmine, abolished by curare, and to a lesser extent also by 
atropine. The latter drugs do not influence the response of the muscle 
to potassium. 

Mique (32) has shown that diisopropyl fluorophosphate (‘‘DFP’’) 
enhances the response of the frog rectus muscle to acetylcholine, but 
not to neostigmine, physostigmine or trimethylamine. Riker and 
Wescoe (38) found that many cholinesterase inhibitors potentiate the 
effect of acetylcholine on the mammalian skeletal muscle, but that 
neostigmine also possesses an independent stimulating effect. 

When acetylcholine is given in large doses to anesthetized animals, 
fasciculations and muscle twitches are frequently observed. These 
effects are exaggerated after premedication with esterase inhibitors. 
In the unanesthetized mammal and bird, the intravenous injection of 
large doses of acetylcholine, from 1.5 mg./kg. upward, produces ex- 
tensor rigidity of the limbs, but whether these effects are muscular, 
central or asphyxial still remains to be determined. (According to 
Duke-Elder, extra-ocular striated muscles contract following injection 
of acetylcholine by vein.) 


E. EYE 

The muscarinic action of acetylcholine on the eye should result in 
constriction of the pupil, spasm of accommodation, false myopia, and 
lowering of intraocular tension. As a matter of fact, acetylcholine has 
been given clinically as a miotic by subconjunctival injection. Accord- 
ing to Molitor (33), acetylcholine when instilled into the rabbit’s con- 
junctival sac, even in a 5 percent solution, produces no miosis except 
when the eyelid is gently massaged following instillation. (ACh, due 
to its vasodilator effect, is said to have distinct therapeutic effects in 
tobacco amblyopia and retrobulbar optic neuritis (Duggan). ) 

In a number of unanesthetized rabbits, we endeavored to elicit the 
muscarinic effects of acetylcholine on the eye upon instillat on of a 5 
percent solution into the conjunctival sac, but were unable to observe 


miosis even after prolonged massage. When acetylcholine was injected 
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intravenously into unanesthetized dogs, in no instance was it possible 
to demonstrate pupillary constriction. Following injection of doses 
of from 0.5 to 15.0 mg./kg. mydriasis occurred in every case. The 
only way in which it was possible to produce miosis in rabbits was by 
Koppanyi’s method (19) of intraocular injection of 0.05 cc. of a 5 per- 
cent acetylcholine solution into the anterior chamber. This resulted 
in maximum miosis within three minutes after injection. The intra- 
ocular adm nistration of solutions of similar pH ranges produced no 
comparable effects. 

The nicotinic effect of acetylcholine on the eye consists of pupillary 
dilation, slight exophthalmos, widening of the palpebral fissure, and 
withdrawal of the nictitating membrane. These effects can be demon- 
strated in atropinized animals with doses of acetylcholine of about 0.5 
mg./kg.or more. If atropinized animals are given anticholinesterases, 
smaller doses of acetylcholine likewise produce nicotinic effects. 
Whether the pupillary dilatation seen following intravenous injection 
of from 1.0 to 25.0 mg./kg. of acetylcholine into non-atropinized ani- 
mals is due to anoxia (cardiac asystole and bronchospasm), to excite- 
ment, or to true nicotinic effects, has not been determined. 

The action of acetylcholine on the eye is thus mainly nicotinic. This 
point may be illustrated in pigeons receiving 5.0 mg./kg. of acetyl- 
choline by vein, in which, unlike in dogs and rabbits, a prompt pupillary 
constriction was observed in each case. Miosis in pigeons is, of course, 
a nicotinic and not a muscarinic effect, since the sph ncter of their iris 
consists of striated muscle (Koppanyi and Sun, 23). 

Sympathetic ganglia are involved in the production of mydriasis and 
of other signs of sympathetic ocular stimulation, since Bacq (2) and 
also Koppanyi, et al. (20) have been unable to detect signs of nicotinic 
stimulation of the dilator muscle of the iris and of the orbital smooth 
muscles following complete sympathetic ganglionectomy, or following 
the injection of paralytic doses of nicotine (Koppanyi, et al. 20). 

It should be pointed out that proven miosis with acetylcholine has 
been produced only by subconjunctival, intraocular or intracarotid 
(homolateral miosis) injection (Battro and Lanari (3, 4)). This indi- 
cates clearly that large doses of acetylcholine cause miosis only when 
they come in contact with the parasympathetic effectors in the sphinc- 
ter muscle before they can affect the sympathetic ganglia. 
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F. URINE SECRETION 


Intravenous injection of acetylcholine (Pickford (37)) causes a 
temporary inhibition of water diuresis in unanesthetized dogs. This 
inhibitory effect is absent after the removal of the posterior lobe of the 
hypophysis. Pickford postulated that this inhibition is produced by 
an effect of acetylcholine on the central nervous system, leading to an 
“outpour” of the postpituitary antidiuretic hormone into the circu- 
lation. In order to test the hypothesis that acetylcholine plays a réle 
in transmitting the impulse in the hypothalamus, she injected the drug 
into the supraoptic nucleus of anesthetized dogs whose kidneys had 
been denervated and were in a state of water diuresis. This procedure 
resulted in a prompt inhibition of urine secretion. This action was 
prolonged by the addition of physostigmine, which alone also causes 
some inhibition of water diuresis. The inhibition of water diuresis is 
neither circulatory nor renal since in every case it is prevented by 
hypophysectomy. 

The inhibition of water diuresis is not inconsistent with an effect of 
large doses of acetylcholine in unanesthetized dogs, resulting in mic- 
turition. This is undoubtedly due to a muscarinic effect on the body 
of the bladder and a subsequent rise in the intravesical pressure. 

Note: The intravenous injection of small or moderate doses of acetyl- 
choline into multiparous or pregnant rabbits causes a firm spasm of 
the uterus. This muscarinic effect is prevented by previous atropini- 
zation. If, however, large doses of acetylcholine (0.5 mg./kg. or more) 
are injected into these atropinized animals the same type of spasm is 
elicited. This is a nicotinic action due to stimulation of the motor 
sympathetic supply to the uterus. It is potentiated by physostigmine 
and abolished by large doses of nicotine. Here we have an example 
where the outward manifestation of muscarinic and nicotinic effects 
are exactly alike, while the mechanism of action is different. 


G. CENTRAL NERVOUS SYSTEM 


Early observers studying the central action of acetylcholine gener- 
ally reported depressant effects from acetylcholine. Schweitzer and 
Wright (39) and other authors demonstrated that under certain con- 
ditions this drug depressed spinal reflexes. Somewhat later, however, 
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it became increasingly obvious that acetylcholine, particularly in 
physostigminized animals, produced on local application to the cerebral 
cortex, or following intracarotid injection, tremors, extensor rigidity 
of the limbs, excitement, and even convulsions, indicating facilitation 
of transmission at cortical synapses. 

The cortical stimulating action of acetylcholine and of some cholines- 
terase inhibitors was further substantiated by electrocorticographic 
studies. Acetylcholine produced on local application to the cortex, in 
animals not previously treated with cholinesterase inhibitors, a slight 
reduction in amplitude of the slow waves (Miller, Stavraky and Woon- 
ton, 31). In animals previously treated with physostigmine, acetyl- 
choline, when applied in small amounts (0.2-1.0 percent solutions) to 
the cortex, produced large, rapid spikes, prevented or abolished by 
atropine. Chatfield and Dempsey (9), on the other hand, found no 
noticeable changes in action potentials when acetylcholine alone was 
applied to the cortex. If such application, however, followed treat- 
ment of the cortex with a one percent solution of neostigmine, the spon- 
taneous bursts increased in size and the individual potentials within 
the burst became larger and sharper, assuming a spike shape. Spikes 
also appeared between the bursts until a continuous series of spikes 
appeared. Such spikes appeared upon local application to the “‘acous- 
tic,” “somesthetic” and “‘motor’”’ cortex, but not to the “‘association”’ 
cortex. 

Brenner and Merritt (5) found that only 2.5 to 10 percent solutions 
of acetylcholine applied to the cortex induced high potential slow and 
spiked formations. Darrow, et al. (10) suggest that tachycardia during 
hyperventilation is responsible for the slowing of the brain waves. 
Stimulation of the cut facial nerves (cholinergic innervation to the pial 
vessels) reduced or prevented slow waves. Physostigmine acted simi- 
larly, while atropine enhanced the effects opposed by facial nerve 
stimulation or by physostigmine. These authors demonstrated a 
parasympathetic influence on the electrical activity of the cortex and 
implied that such influence may affect cerebral metabolism and cir- 
culation. 

Brenner and Merritt (5) and Darrow, et al. (10) suggest that small 
amounts of acetylcholine have an indirect muscarinic (vascular, etc.) 
action on the cortex, while larger amounts have a direct nicotinic action 
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on synaptic transmission. In any event, it appears that acetylcholine 
applied locally to the motor cortex or administered by injection pro- 
duces EEG changes characteristic of “grand mal” epilepsy and of the 
effects of convulsant drugs. 

Stavraky (40) and Fischer and Stavraky (12) have shown that re- 
moval of various portions of the cerebral hemispheres resulted in a 
prolonged sensitization of the remaining parts of the central nervous 
system to intravenous doses of acetylcholine. Motor responses fol- 
lowing such injections were especially marked. Unpublished results 
demonstrate that dogs anesthetized with 25 mg./kg. of sodium pento- 
barbital, following the intravenous injection of 5 mg./kg. of acetyl- 
choline, showed phonation and motor activity. Occasionally they 
lifted their heads and attempted to get up. (Possible denarcotizing 
effect.) 

Bulbring and Burn (7) have shown in a series of well controlled 
experiments that acetylcholine, contrary to earlier observations, is a 
spinal stimulant. When this agent was injected into the spinal cord, 
discharge of motor impulses occurred with doses as small as 1 gamma. 
They found that atropine prevented or terminated the effect of acetyl- 
choline, physostigmine, and neostigmine on the spinal cord. Wescoe, 
Green, McNamara and Krop (44) recently showed that the electro- 
encephalographic and central excitatory, including convulsive, effects 
of DFP are abolished by atropine. They assume that DFP acts solely 
by cholinesterase inhibition and thus conclude that atropine antag- 
onizes the central effects of acetylcholine. 

Reasoning by analogy, it is possible that hemorrhages in the grey 
substance of the central nervous system, accompanied by diffuse gliosis 
and subsequently by development of glial nodules, glial scars, and neu. 
rone depletion, are also produced by acetylcholine, as they are pro. 
duced by carbamylcholine and by the combined administration of 
choline and physostigmine (Davis and Fletcher, 11). Since the sub- 
cutaneous administration of carbamylcholine (0.01 mg./kg. hypoder- 
mically daily for a month) also produced hyperchromic anemia, it is 
not impossible that the neuropathological changes produced in dogs 
are related to this condition. 
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H. ABSORPTION AND TOXICITY 


It is not surprising that the data concerning the absorption and the 
oral, subcutaneous and intramuscular toxicity of acetylcholine are 
contradictory and confusing. The intravenous toxicity, because of 
the existence of transport cholinesterase, depends upon the rate of 
injection. Therefore, unless the rate is strictly controlled, vastly 
different results will be obtained. Hence, the disagreement between 
Weiss and Ellis (43) and Carmichael and Fraser (8) on the effects of 
intravenously injected actylcholine on the human heart. 

Molitor (33) published data on the oral, subcutaneous and intra- 
venous LDs5o in rats and mice. His findings should be supplemented 
by experiments on other species, including higher mammals, as well as 
birds, reptiles, amphibia and fishes. Preliminary experiments carried 
out in this laboratory indicate great species-specific differences in the 
resistance to the toxic effects of acetylcholine. 

The rates of absorption from the alimentary tract, subcutaneous 
tissues and skeletal muscle, as well as the corresponding toxicity, de- 
pend upon the transport cholinesterase. Probably small doses of DFP 
are sufficient to inactivate this esterase, and the absorption and tox- 
icity studies (employing well defined end-points) should also be re- 
peated in DF P-treated animals. It seems particularly desirable to 
obtain data on the absorption and toxicity of acetylcholine adminis- 
tered by the intratracheal route (‘‘acetylcholine aerosol’ administered 
through a nebulizer). 


I. ACETYLCHOLINE AND THE CHOLINESTERASE INHIBITORS 


A pharmacological study of acetylcholine cannot be divorced from 
the cholinesterase problem since it is established that the fate of in- 
jected acetylcholine is hydrolysis by the cholinesterases. Many drugs 
that are known to inhibit cholinesterase activity in vitro prolong the 
action of injected acetylcholine in the body. In fact, all known phar- 
macological actions of acetylcholine, both of the muscarinic and nico- 
tinic types, are potentiated by cholinesterase inhibitors, such as physos- 
tigmine, neostigmine, DFP, HETP, TEPP, or hexaoctyltetraphosphate 
(HOTP). The potentiation is due to the effect on the essential cho- 
linesterase, which includes both the transport cholinesterase and the 
specific cholinesterase most prominently involved. 
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Relatively small doses of DFP are sufficient to inactivate the trans- 
port cholinesterase, and additional doses of DFP or of other anticho- 
linesterases further enhance the acetylcholine effect by their actions on 
the specific cholinesterase. The effects of physostigmine and neostig- 
mine on acetylcholine potentiation are probably only partly due to 





Fic. 12. Dog, male; wt. 12.7 kg. 35 mg. per kg. sodium pentobarbital anes- 





thesia. Premedication with 10 mg. per kg. of atropine sulfate by vein. Upper 
line (on 7) duodenal motility; second line—mean arterial blood pressure; third 
line—base line and time signal (time: 5 seconds) ; lowermost line—injection marks. 

I. 0.05 mg. per kg. acetylcholine chloride by vein. II. 0.05 mg. per kg. of 
physostigmine salicylate by vein. III. Ten minutes later, acetylcholine as under 1. 
IV. 0.1 mg. per kg. of TEPP by vein. V. Thirteen minutes later, acetylcholine 
asunder 1. VI. One hour later, 0.5 mg. per kg. of HETP by vein. VII. Acetyl 
choline as under 1. 


antiesterase activity, because minimal and subminimal doses of these 
drugs enhance beyond expectation the acetylcholine-potentiating 
actions of DFP (Koppanyi, Karczmar and King; 21). 

The measurements of the pressor (nicotinic) responses to standard 
doses of acetylcholine, in the presence of varying concentrations of 
different anticholinesterases, can be used as an in vivo estimate of the 
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inactivation of the total (essential) cholinesterase. The highest pres- 
sor response under optimum conditions is taken as approximately 
100 percent inhibition of the total cholinesterase. It can also be shown 
by this method that the very high threshold of the ganglia to intra- 
venously injected acetylcholine is due to cholinesterase protection, 
because in atropinized animals with optimum doses of TEPP as small 
a dose of acetylcholine as 0.8 gamma/kg. is sufficient to elicit pressor 
responses. (Koppanyi, Karczmar and King, 20.) 

Koelle (18) has shown that premedication with physostigmine dimin- 
ishes the toxicity of DFP. His results were not only confirmed but 
were extended in this laboratory. Very small doses of physostigmine 
or of neostigmine (0.05 mg./kg. or less), scarcely sufficient to permit 
the production of pressor effects following intravenous injection of 
acetylcholine in atropinized animals, prevent the development of pres- 
sor effects of usual magnitude that may follow the administration of 
large amounts of DFP, HEPT, or TEPP (Figs. 11 and 12). On the 
other hand, HETP and TEPP do not fully prevent DFP effects(21). 
As stated above, the administration of DFP never interferes with fur- 
ther potentiation of acetylcholine by other cholinesterase inhibitors. 

This paper does not deal with the physiological réle of acetylcholine, 
and therefore does not attempt to evaluate the relative importance of 
cholinesterase versus the acetylcholine precursor of Abdon (1). There 





are no pharmacological methods available to modify the breaking- 
down of the precursor into free acetylcholine, or for the stimulation of 
the resynthesis of the precursor which, according to Abdon (1), requires 
energy, probably delivered from the dephosphorylation of phospho- 
creatine and adenosinetriphosphoric acid. 
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DISCUSSION 


CHESTER W. DARROW 
(Psychophysiological Laboratory, Institute for Juvenile Research, Chicago) 


The questions I would raise regarding the physiological functioning 
of acetylcholine are not intended as criticism of Dr. Koppanyi’s excel- 
lent exposition, but rather as an attempt to find basis for a neuro- 
physiological interpretation. 

In treating of the effects of acetylcholine, Dr. Koppanyi correctly 
emphasizes the frequency with which autonomically paradoxical, or 
so-called “‘nicotinic’”’ effects, are elicited. These effects are the oppo- 
site of the direct of “muscarinic” changes commonly associated with 
parasympathetic function. He describes the nicotinic effects specifi- 
cally in the case of the alimentary tract, the heart, the vasomotor 
system, respiration, the eye, and the central nervous system. Similar 
effects have been noted by us in studies of autonomic influences on the 
central nervous system. For example, we have repeatedly noted in 
human subjects that slowing of heart rate following atropine was likely 
to be attended by increased regularity of alpha and decrease of slow 
waves in the electroencephalogram (5). A similar effect on the EEG 
has been noted by Obrador (11). 

Dr. Koppanyi repeatedly emphasizes the importance of the nicotinic 
action of acetylcholine, primarily, apparently, as an effect on ganglionic 
transmission. On the other hand, I would take this opportunity to 
emphasize the réle of the moderator nerves. In many instances, at 
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least, it appears that central and autonomically paradoxical effects are 
understandable as a homeostatic action, overaction, or change in sensi- 
tivity of so-called “servile” or “feed-back” mechanisms which con- 
tribute to homeostatic regulations by the moderator nerves. The 
steps taken to eliminate these influences experimentally have in some 
instances been specified by Dr. Koppanyi,—and in some cases, after 
the elimination of possible moderator influences, the effect remained. 
The implication is that in such cases moderator influences are unim- 
portant. I wonder if that follows. 

Moderator mechanisms are many and serve common homeostatic 
functions; often they are apparently susceptible in the same way to 
the same pharmacologic influences. Is it surprising, then, that the 
elimination of one or several of these mechanisms does not eliminate 
the function? Under these conditions failure to eliminate a function 
by surgery is no proof that the structure did not contribute something 
to the total effect. 

There are many moderator mechanisms concerned with autonomic 
and cerebral regulations, and of these carotid sinus is only one notable 
example. In addition to the carotid sinuses there are, of course, the 
carotid bodies, the aortic arch receptors, the abdominal vasotatic 
receptors, intraventricular or intracisternal mechanisms, and appar- 
ently also sensitive regions in the hypophysis and hypothalamus. In 
the same general category, likewise, must be added the homeostatic 
effects of autonomic agents upon ganglionic transmission, as neuro- 
physiologically demonstrated by Marrazzi (10). Removal of the 
carotid sinuses and section of the vagi would eliminate some but not 
all of these. Bain, Irving and McSwiney (1) have demonstrated the 
possibility of abdominal inhibitory effects (of stimulation) upon the 
parasympathetic which do not involve the vagus. And some moder- 
ator effects are produced via the sympathetic. 

In the case of respiration, Dr. Koppanyi notes from his own studies 
with Linegar (9) that the “nicotinic” effects are abolished after the 
carotid bodies are removed and the vagi sectioned above the ganglion 
nodosum. One type of moderator mechanism is here implicated and 
others presumably eliminated by surgery. Section of the vagi pre- 
sumably here disposes of the aortic receptors and possibly eliminates 
effects from the “‘vasotatic” receptors identified by Heymans, Bouck- 
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aert, Faber, and Hsu (8b) and others. The question not answered is 
whether these mechanisms produced nicotinic effects on respiration 
before surgery. It is known that acetylcholine and related substances 
may decrease the regulatory response of the carotid sinus (Heymans, 
Bouckaert, Farber and Hsu (8a)), thereby decreasing inhibition of 
sympathetic activity and permitting increased blood pressure or other 
sympathetic effects. 

In the case of vasomotor changes, Dr. Koppanyi notes that “‘nico- 
tinic” effects of acetylcholine on blood pressure persisted after removal 
of the carotid sinuses, the central nervous system, the adrenals, the 
liver, and/or clamping of the abdominal aorta, and that the effects 
were eliminated only by removal of the sympathetic chain and superior 
cervical ganglia, or by drugs preventing sympathetic transmission. 
Here the Marrazzi effect and a true nicotinic action is possibly involved. 
But the question still remains, is it possible that a Heymans desensiti- 
zation (8a) of the moderator nerves by acetylcholine contributes under 
normal conditions? 

Again, in the case of the pupil, Dr. Koppanyi’s results point to 
effects of acetylcholine by way of nicotinic action on the ganglia. This 
again, however, does not indicate that nicotinic action is the sole pos- 
sible source of paradoxical effects. Gellhorn, Darrow and Yesenick 
(7) demonstrated in cats marked dilatation of the pupils during fall in 
blood pressure following amylnitrite. The effect persisted after carotid 
sinus denervation and section of the vagi. The inverse relation to, and 
the apparent dependence upon blood pressure changes, is not readily 
explained as a nicotinic ganglionic effect. It rather suggests some 
moderator nerve response to pressure not dependent upon the vagus. 
An abdominal effect via pathways such as demonstrated by Bain, 
Irving and McSwiney (1) to the third nerve nucleus might satisfy the 
requirement. 

Effects upon the central nervous system likewise involve possible 
activity of feed-back mechanisms. In this respect I must not miss the 
opportunity to correct a possible misinterpretation: no one I know has 
implied that tachycardia causes slow waves in the electroencephalo- 
gram. In our laboratory, we have suggested the possibility that the 
cardiac acceleration which occurs in compensation for a fall in blood 
pressure during hyperventilation may indicate an inhibition of the 
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vagus and that such an inhibition of parasympathetic activity might 
influence cerebral blood vessels as well as the heart (4). It seemed that 
this might account for the fact that increase of slow waves in the EEG 
and increase of heart rate were often associated. The relationship has 
been confirmed by Barnes (2). Drs. Green, Davis, Garol and Darrow 
(6) showed that cutting the parasympathetic supply in the facial or 
greater superficial petrosal nerves greatly increased slow waves in the 
EEG during hyperventilation. We attributed the effect to the fact 
that blowing off carbon dioxide by overbreathing (1) increased alka- 
linity, (2) increased cholinesterase activity (Plattner, Galehr and 
Kodera, 12), (3) increased destruction of acetylcholine in the brain, 
(4) increased vasoconstriction or vasospasm in cerebral blood vessels, 
and (5) increased slow waves in the EEG. The condition was aggra- 
vated when cutting of the parasympathetic supply (Chorobski and 
Penfield, 2) to the brain prevented reimbursement by usual channels. 
We were able to overcome this unfavorable influence by injection of 
physostigmine as shown in the following slide of an unpublished record 
from this experiment. 

The figure shows, first, EEG records between right parietal and 
occipital areas in a cat curarized with beta erythroiden, on artificial 
respiration, and with the facial and parasympathetic nerves sectioned 
at the internal acoustic meatus. The records are obtained before, 
during, and after a period of hyperventilation. It shows (1) the pro- 
duction of high potential and slow EEG waves following two minutes 
hyperventilation and (2) reduction of high potential and slow waves 
during hyperventilation after injection of physostigmine 0.25 mg./kg. 
intravenously. 

It will be noted that physostigmine in this animal had only limited 
effects on the control records but marked effects during the hyper- 
ventilation. It may be appropriate in this connection to emphasize 
a fact which our work on the central influence of acetylcholine indicates 
to be important, namely, that physostigmine conservation of acetyl- 
choline, and presumably any increase of acetylcholine within physio- 
logical limits, may have little or no effect upon the brain if adequate 
amounts of acetylcholine or other vasidilator are already present. 
With conditions already adequate for normal cerebral function, only 
additions involving supraphysiological concentrations of acetylcholine, 
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or an equivalent in acetylcholine plus physostigmine, produce effects 
analogous to those of nicotine or strychnine. This fits fairly well the 
evidence from the literature. On the other hand, in a deficiency either 
of acetylcholine or of other vasodilator agents, especially of CO:, 
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physiological concentrations of acetylcholine may become very effec- 
tive. In the presence of a deficit or imbalance in vasodilator influ- 
ences whether by alkalinity, excess cholinesterase activity, deficient 
CO., impaired parasympathetic supply, or other causes, small changes 
in conservation of available acetylcholine by physostigmine produce 
a marked improvement in the EEG. I wonder in this connection if 
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the central action of DFP has yet been studied in relation to the pos- 
sible influence of hyperventilation. In view of the action of physostig- 
mine, it seems not unlikely that doses of DFP too small to produce 
appreciable effects on a normally functioning nervous system might 
cause marked reduction of high potential slow electroencephalographic 
activity following hyperventilation. 

In this connection, there is a further question raised by the pre- 
publication observation of Koppanyi, Karczmar and King that physo- 
stigmine and neostigmine “enhance beyond expectation the acetyl- 
choline protective action of DFP.” Is it possible that this implies an 
action of these substances directly upon the receptors as well as on the 
enzyme? 

Furthermore, is there proof that the substance found in the blood 
stream or perfusates from structures treated with anticholinesterase 
is acetylcholine, or does it only produce some acetylcholine-like effects? 

With these observations in mind as questions, but not as criticisms, 
I commend to you Dr. Koppanyi’s excellent paper. 
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IV. CONCERNING THE MODE OF ACTION OF 
ACETYLCHOLINE’ 


JOHN H. WELSH 


(Harvard University) 


The approach to the problem of the physiology of acetylcholine (Ach) 
has been like that to most problems in physiology. Beginning with 
the early work of Reid Hunt, Sir Henry Dale and Otto Loewi, the 
boundaries of our knowledge have been pushed back slowly. The 
viewpoint of any single investigator or group of associated workers has 
usually been a relatively narrow one, with attention centered on some 
specific aspect of the problem. 

During the past twenty-five years much has been learned about the 
quantitative distribution of Ach in animal tissues; about its synthesis 
and its destruction, both in vive and in vitro; and about the reaction of 
animals and their parts to Ach. However, we have very little infor- 
mation concerning the fundamental mode of action of Ach. When 
Ach is applied to motor end-plates, autonomic ganglia or heart muscle, 
we know the nature of the responses, but we know little concerning the 
series of events leading up to the response. Much attention has been 
paid to the rdles of Ach as a transmitter substance at synapses and 
neuromuscular junctions, and recently to a possible réle in conduction 
along the axon, but little attention has been given to the physiology 
of acetylcholine in non-nervous tissues. Since the Ach cycle is such 
a prominent feature of the nervous systems of all animals, both inver- 
tebrate and vertebrate, there is a tendency to think of Ach only in con- 
nection with the functioning of cholinergic neurons. However, its 
occurrence in plants, in protozoa, and in such organs as spleen and 
placenta suggests that it may play some general réle in cellular metab- 
olism. If this more general réle was an involvement in inter- and 
intra-cellular communication in various tissues, the nervous system, 
concerned as it is with rapid coérdination, might well be expected to 
possess the Ach cycle as a prominent and characteristic feature. 


' A portion of the work reported in this paper was supported by a grant from 
the U. S. Public Health Service. 
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A broader viewpoint and new approaches to the problem of the 
physiological functions of Ach are needed. These might lead to a 
better understanding of the manner by which Ach acts on cells. This 
paper will be concerned with preliminary and largely indirect studies 
which have been undertaken by ourselves and others with these needs 
in mind. Some of the suggestions which are to be offered are of a 
highly speculative nature. The material will be presented under the 
following headings: 

(1) Ach and cellular respiration. 
(2) Ach as a possible trophic substance. 
(3) A suggested mechanism of Ach action. 


1. ACH AND CELLULAR RESPIRATION 


Our interest in Ach and cellular respiration was first aroused 
through an attempt to relate Ach levels of different parts of the nervous 
system with other known characteristics of these parts. It was known 
that Ach levels differed greatly in different parts of the mammalian 
nervous system (MacIntosh, 1941; Welsh and Hyde, 1944a). In the 
central nervous system the amounts of Ach are smallest in the cere- 
bellum and cerebral cortex and increase in the brain stem and the me- 
dulla. Motor nerves and autonomic ganglia contain more Ach than 
any part of the central system, while Auerbach’s plexus of the small 
intestine was estimated by Welsh and Hyde (1944b) to have more Ach 
than any other nervous tissue that has been assayed: about 5000 times 
as much Ach being found in Auerbach’s plexus of the guinea pig and 
rabbit intestine as is found in the cerebellum. It was pointed out by 
Welsh and Hyde that the order of increasing resistance of the parts of 
the mammalian nervous system to anoxia and hypoglycemia is essen- 
tially the same as the order of parts arranged according to increasing 
amounts of Ach per unit weight. Those parts which are least resistant 
(cerebellum and cortex) are low in Ach, and those which are among the 
more resistant (spinal nerves and autonomic ganglia) are high in Ach; 
while the neurons of the myenteric plexus, shown by Cannon and 
Burket (1913) to be the most resistant of all vertebrate neurons to 
anoxia, have extraordinarily high levels of Ach. The correlation is so 
good that one is led to consider the possibility that stores of Ach help 
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to preserve the functional integrity of neurons during periods when, 
through oxygen or glucose lack, new Ach cannot be synthesized. 

This line of investigation led to speculation concerning Ach and 
cellular respiration. Would a deficiency in Ach production affect the 
rate of oxygen consumption of cells? Earlier work (Deutsch and 
Raper, 1936, 1938) has shown that the addition of Ach to respiring 
slices of sub-maxillary gland tissue increases the rate of O: uptake. 
Abdon and Borglin (1947) have shown a lowered level of oxidative 
metabolism of rat skeletal muscle in choline deficiency. We are now 
carrying on experiments with rats and certain insects on choline and 
pantothenic acid deficient diets, in an attempt to produce acetylcholine 
insufficiency. Tenebrio (meal worm) larvae are sensitive indicators 
of pantothenic acid and choline deficiency, their growth and respiration 
being markedly reduced on deficient diets. Preliminary experiments 
indicate that Ach levels are abnormally low, but it is not yet possible 
to say that this is a direct cause of slower growth and lowered metab- 
olism. However, one is led to further speculation concerning a possible 
trophic réle of Ach. 

2. ACH AS A POSSIBLE TROPHIC SUBSTANCE 

The effects of denervation on the structures deprived of their nerves 
is well known. In the case of structures innervated by cholinergic 
neurons there is at first a greatly increased sensitivity to Ach and sub- 
sequent atrophy. Cannon (1939) expressed this general phenomenon 
in what he termed a “Law of Denervation”: “When in a series of 
efferent neurones a unit is destroyed, an increased irritability to chem- 
ical agents develops in the isolated structure or structures, the effect 
being maximal in the part directly denervated.”’ 

Likewise, studies such as that of Ward and Kennard (1942), indi- 
cating that cholinergic drugs hasten the recovery of function following 
lesions of the central nervous system, call attention to the possibility 
that Ach may also be involved in processes of regeneration. 

A preliminary report (Welsh, 1946) has been made of a study of degen- 
eration and regeneration in planaria. Ach blocking agents such as 
atropine induce degeneration of the head of planaria and slow the 
process of regeneration of pieces. Prostigmine delays the degenera- 
tion produced by atropine, while prostigmine and pilocarpine hasten 
the regeneration of pieces of these flatworms. 
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The brief references in this and the preceding section to possible 
roles of Ach in processes other than conduction and transmission in the 
nervous system are made primarily to encourage a broader view of the 
physiology of Ach. Possibly Ach may help to regulate cellular metab- 
olism and perhaps thereby act as a trophic substance. Final and con-- 
vincing evidence for or against this will be obtained only through the 
concerted efforts of many investigators. 


3. A SUGGESTED MECHANISM OF ACH ACTION 


When Ach in appropriate concentrations is applied by close arterial 
injection to an intact organ, innervated by cholinergic nerves, or in 
most instances to the same organ or its part after isolation, a response 
characteristic of the organ or tissue may be observed; glands secrete, 
muscles contract, melanophores expand, neurons discharge. It is 
usually possible to demonstrate that Ach in low concentrations ini- 
tiates a response or has an excitatory action, while at higher concen- 
trations the response is depressed or inhibited. Since the excitatory 
action on one type of organ or tissue (e.g. smooth muscle of the intes- 
tine) may occur over a wide concentration range and be easily recorded 
or observed, while for another tissue or organ the excitatory range may 
be narrow and the inhibitory effects prominent (e.g. vertebrate or 
molluscan heart muscle), it has become customary to think of Ach as 
having two types of action—excitatory and inhibitory (or paralytic), 
separate and distinct from one another. If it could be shown that these 
two actions of Ach are quantitative and not qualitative, the task of 
solving the problem of Ach action would be simplified. No attempt 
has been made to gather conclusive evidence for this latter view, but 
from the work of McDowall (1946) and others on the vertebrate heart 
it would appear that Ach in small doses has an excitatory action at 
concentrations below those producing inhibition. In the presence of 
atropine or methylene blue, in amounts which only partially block 
Ach action, the excitatory effects are pronounced. 

A similar excitatory action of Ach on the heart of the mollusc, Venus 
mercenaria, may occasionally be observed before the characteristic 
negative inotropic effect sets in. With choline, the excitatory action 
may be marked and may occur over a wide range of concentrations 
(Fig. 1). It is of interest that Thimann (1937) finds that growth 
acceleration and inhibition by auxins are but quantitative effects, and 
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concludes that the mode of action of auxins on roots and stems is not 
qualitatively different. 

If the possibility is granted that wherever Ach acts the mechanism 
of action is fundamentally the same (see Fig. 2), we may then proceed 
to examine certain facts concerning Ach action and to devote some 
space to speculation, in the hope that better experiments may be de- 
signed to augment our knowledge of this aspect of its physiology. 

Some of the things that are known about Ach action will be illus- 
trated by a study of its action on a highly sensitive invertebrate organ, 
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Fic. 1. RESPONSE oF ISOLATED HEART OF VENUS MERCENARIA TO ACETYLCHOLINE 
(AcH) aT First ARROW 
This was an unusually sensitive preparation. At following arrows increasing 
amounts of choline chloride were applied, all producing an increase in amplitude 
until 10~* choline chloride was reached which produced a just perceptible decrease 
in amplitude. Further increases produced more pronounced negative inotropic 
effects. 


the ventricle of Venus mercenaria, the hard shell clam or quohaug. As 
first shown by Prosser (1940), this smooth muscle structure is inner- 
vated by nerves which are cholinergic and is a sensitive indicator for 
Ach. We find that the isolated ventricle may, at times, be excited 
by concentrations of Ach of the order of 10~* ug. Ach per ml. of per- 
fusion fluid. The threshold concentration for inhibition is usually 
between 10-° and 10-* wg. Ach/ml., and complete stoppage of the 
heart occurs at concentrations about 50 times the threshold concen- 
tration for inhibition. This order of activity suggests that an enzyme 
system is directly involved in the action of Ach, but we shall return to 
this point later. 
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Few substances normally produced in an animal act in lower con- 
centrations than Ach, and there appears to be no other choline ester 
or related substance that is more active than Ach if differences in 
stability to cholinesterase are taken into consideration. The Venus 
heart has very little cholinesterase as shown by Jullien et a/. (1938) and 
Smith and Glick (1939). This accounts for the very slight potentia- 
tion of Ach action by anti-cholinesterases which we have observed. 
Therefore a significant comparison of the relative activities of choline, 
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Fic. 2. SCHEME SHOWING PROBABLE EXCITATION AND INHIBITION EFFECTS OF 
ACH ON VERTEBRATE HEART AND SKELETAL MUSCLE 


choline derivatives and related compounds in the absence of cholin- 
esterase inhibitors may be made. Such a comparison is shown in Fig. 
3. It may be seen that esters of both choline and betaine are far more 
active than the parent compounds and that the known differences in 
the resistance of the esters to esterase hydrolysis are unimportant in 
determining relative activity. 

When ethyl radicals are substituted for methyl in the onium group 
of choline or Ach, activity is lost and concentrations as great as 2 X 
10-*M are without effect. This directs attention to this portion of the 
molecule, and the action of quaternary ammonium compounds on the 
Venus heart becomes of interest. Tetra-methyl ammonium has an 
Ach-like action as may be seen in Fig. 4, although its action is weak 
compared with Ach. Tetra-ethyl, tetra-propyl and tri-ethyl octyl 
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RELATIVE MOLAR QUANTITIES PRODUCING AN EFFECT EQUIVALENT TO MOLAR QUANTITY OF ACH 


EQUAL TO 1. 


Carbamylcholine 
Propionylcholine 
Bthoxycholine 
Butyrylcholine 
Chloracetylcholine 
Acetyl s Methylcholine 
Benzoylcholine 
Choline 

Betaine ethyl ester 
Betaine 
Triethylcholine No effect at 4 x 107* w 


Triethylacetylcholine No effect at x 1074 » 
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Fic. 3. RELATIVE MOLAR QUANTITIES OF CERTAIN CHOLINE DERIVATIVES AND 
RELATED COMPOUNDS REQUIRED TO PRODUCE A DEGREE OF INHIBITION OF 
THE VENUS HEART EQUIVALENT TO THAT PRODUCED By A MOLAR CONCEN- 
TRATION OF ACETYLCHOLINE TAKEN AS ONE 





Fic. 4. Action OF TETRA-METHYL AMMONIUM CHLORIDE ON THE ISOLATED 
HEART OF VENUS MERCENARIA AT THREE DIFFERENT CONCENTRATIONS 
(10-* M, 1.2 x 10°-* M, 1.1 x 10* M 


ammonium ions, on the other hand, have no inhibitory action on the 
Venus heart at the highest concentrations tried (5 X 10-?M). While 
tetramethyl ammonium sums with Ach, the other quaternary am- 
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moniums which we have tried are effective blocking agents—their 
effectiveness increasing with the size of the radical (Fig. 5). Thus the 
pentavalent nitrogen with its three methyl groups becomes, in certain 
respects, the most significant portion of the Ach molecule. 

The rapidity with which Ach in small amounts acts on the Venus 
heart suggests that it is acting as a “trigger” to set off a reaction or 
chain of reactions. The specificity of the (CH;);N group suggests that 





Fic. 5. REcorp SHOWING THE ExcITATORY ACTION AND ACH-BLOCKING EFFECT 
OF TRIETHYL-OcTYL-AMMONIUM CHLORIDE ON THE ISOLATED 
HEART OF VENUS MERCENARIA 


size and configuration are of the greatest importance. The rapid 
recovery of the heart after washing and the rapid blocking action of 
quaternary ammonium ions other than tetra-methy]l ammonium, when 
present with Ach in the medium surrounding the heart, suggest that 
Ach is acting at or near the surface of the smooth muscle membrane. 
Evidence for surface action in the vertebrate heart is seen in the results 
of Cook (1926), who found that methylene blue effectively blocks the 
action of Ach on the isolated frog’s heart only when it is present in the 
fluid around the cells. If hearts were allowed to become deeply stained 
with methylene blue and then washed before adding Ach there was no 
antagonism, even though the cells retained their deep blue color. 
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Cook suggested that this antagonism between methylene blue and 

Ach is due to the methylene blue producing some freely reversible 

surface action on the cells. The possibilities provided by methylene 

blue in physiological studies on the nervous system are not always fully 
appreciated (for a brief summary of its pharmacological action see 

Bernheim, 1942). 

Although the action of Ach on the Venus heart as well as on verte- 
brate effectors, such as skeletal muscle, may be duplicated by potas- 
sium and electrical stimulation, there are certain indications that the 
effects of these latter agents are direct while that of Ach is by an in- 
direct route. In other words, although externally applied K* and 
Ach, as well as a depolarizing current, appear to produce the same end 
result, they may do so in different ways. One is led, therefore, to 
speculation concerning the manner in which Ach might affect the 
excitability of cells, in the hope that such speculation will lead to newer 
approaches to the problem of the mode of action of Ach. 

Certain investigators, notably Langley (1906) and Clark (1937), 
have postulated that certain drugs produce their effects on cells by 
reacting with a “receptive substance.”” This will be assumed in the 
hypothesis to follow which, for the sake of brevity, will be presented 
without an attempt to fully justify the line of reasoning. 

(1) Ach reacts with some constituent of the cell surface (“receptive 

substance”’). 

(2) This constituent of the surface is a protein or lipo-protein. 

(3) The protein or lipo-protein is an enzyme requiring Ach for its 

activation, therefore Ach acts as a coenzyme. 

) The enzyme reacts with a substrate in the cell membrane. 

) This substrate when split releases nonpolar-polar anions (cf. 
Hoéber, 1946) whose changing orientation might then account 
for observed polarity and permeability changes in the cell mem- 
brane and “excitation” of the cell. 

(6) Ach is freed from the enzyme complex, split by cholinesterase 
or returned to inactive precursor, and energy-yielding reactions 
reconstitute the substrate restoring the cell membrane to its 
resting condition. 

Most existing hypotheses attempting to account for the mechanism 

of action of Ach are of a simpler nature. There is no virtue in a more 
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complex theory unless it is to direct attention to possibilities which 
might otherwise be overlooked. If all aspects of the above-outlined, 
possible mode of action of Ach were discarded, except the suggestion 
that Ach acts as a coenzyme, the present purpose would be served; 
this purpose being to direct attention to the unique properties which 
qualify Ach as a regulator of enzyme reactions which must start and 
stop within very brief periods of time. Of these properties, the readi- 
ness with which Ach may be hydrolyzed and thereby removed from 
the scene of action is perhaps the most important. 

In testing the above hypothesis, one might begin with attempts to 
learn more concerning the nature and distribution of the “receptive 
substance.’’? We have begun efforts in this direction and, at present, 
a clue given by Couteaux (1947) is being followed. Couteaux has 
found that Janus green B used as a supra-vital stain selectively stains 
a group of oriented bodies lying in the sarcoplasm just under the sarco- 
lemma and adjacent to nerve ending in the motor end plates of skeletal 
muscle. Janus green B also stains faintly the sarcolemma of the 
muscle fiber. We find that Janus green B stains muscle fibers in the 
atrial regions of the Venus heart where nerves end in the heart. This 
staining with Janus green would be of special interest only if it could 
be shown that the dye had Ach-like properties and might, therefore, 
combine with a substance with which Ach normally reacts. In pre- 
liminary experiments it has been found that Janus green does have 
Ach-like properties. The Venus heart is inhibited by Janus green as 
by Ach (Fig. 6). (Little is known concerning the pharmacological 
action of Janus green in vertebrates, but one may refer to Ettinger 
(1932) for information concerning its constrictor action on certain 
blood vessels of the intact mammal.) It also acts as an inhibitor of 
cholinesterase, as does methylene blue. This might complicate its 
use as a possible indicator of the distribution of ‘‘receptive substance,” 
but at the same time may, when used with more specific anticholines- 
terases and Ach-blocking agents, provide valuable information. For 
example it might be possible to alter the staining properties of the 
“batonnets” of Couteaux by previous treatment with appropriate 

* That more than one such substance (enzyme) is involved in Ach action seems 
evident from such well-known observations as the differences in blocking action of 
curare and atropine at different points within the body. 
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agents, thereby giving a clearer indication of their nature. This we 
plan to try. 

This approach to the problem of the location and identification of 
the ‘‘receptive substance”’ is but one of many which are possible. The 
identification and probably the isolation of the substance or substances 
with which Ach reacts will be a necessary step in determining the pre- 
cise mode of action of Ach. It may be a slow and difficult process. 





Fic. 6. RECORD SHOWING THE ACH-LIKE ACTION OF JANUS GREEN B ON THE 
ISOLATED HEART OF VENUS MERCENARIA 


While it is going on, one should not lose sight of the broad problem of 
the possible réle of Ach as one of the regulators of cellular metabolism 
and of growth. 


SUMMARY 


In this paper an attempt has been made to encourage a broader out- 
look on the problem of the physiology of acetylcholine (Ach). Evi- 
dence suggesting that Ach may play a réle in the regulation of cellular 
metabolism and growth has been presented. It was the intent to 
imply that this more general réle of Ach accounts for its wide distribu- 
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tion in plants and animals. From recent uncompleted studies, ideas 
have come which have given rise to a new view of Ach action, namely 
that it may be acting as a coenzyme to regulate the activity of an en- 
zyme(s) (“receptive substance’’) located in or near the cell membrane. 
The réle of this enzyme is to alter the excitability of the cell through 
processes leading to changes in membrane polarity and permeability. 
The instability of Ach makes it a possible regulator of an enzyme pro- 
cess that must be quickly started and stopped. 
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DISCUSSION 


AMEDEO S. MARRAZZI 
(Wayne University College of Medicine, Detroit, Mich.) 


Dr. Welsh’s interesting speculations deserve an analysis on the basis 
of appropriate facts. Unfortunately, these are not available in suffi- 
cient number and so the discussion, at this stage, also must be largely 
on a speculative basis. 

However, a number of considerations lead, rather forcibly, to the 
idea that such extremely highly active drugs as acetylcholine (ACh) 
and its counterpart adrenaline—both natural to the body—act on 
selected, small, strategic portions of the cell surface. 

1. The intracellular administration of ACh in striated muscle (1) 
(also of HCN and H,S (2) and narcotics (3) in amoeba) does not pro- 
duce the characteristic actions which are readily elicited by application 
to the external surface of the cell. Cook’s experiments, described by 
Dr. Welsh, likewise show that the atropine-like action of methylene 
blue is exerted only when the dye is at the external surface of the cells 
of the frog heart. The surface site of fixation or adsorption! of drugs 
indicates that ACh would not be expected to penetrate the cell to elicit 
its effects. 

2. The minimal effective dose if spread out in a monomolecular layer 
occupies only a minute fraction of the cell surface. Clark (4) has cal- 
culated that only 1/6000 of the surface can be covered by a minimal 
effective dose of ACh inhibiting the frog heart. 

3. The characteristic exquisite sensitivity of tissues such as the heart 
is apparently only acquired after the cells have received their innerva- 
tion. The most recent clear-cut experiments in this field have been 
done by Armstrong (5) on the Fundulus heart. The nerves must 
induce a permanent change in the effector cells since the drug sensi- 
tivity persists (it is, in fact, enhanced) after the nerves have been 
caused to degenerate. From Langley (6) on, experimenters have 
shown that in the case of muscles with a 1:1 nerve to muscle fiber 
relation the sensitivity is confined to the end plate region. 

In trying to supply a mechanism by which a substance acts with 


1 Clark (4) has shown that the reaction closely follows the Langmuir adsorption 
formulae. 
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great rapidity, in trace amounts, at strategic points on an interface, 
the cell membrane, the possibility that an enzyme or its prosthetic 
group constitutes the receptor is a very reasonable one, but one that 
still awaits proof. Enzymes are ordinarily concentrated at and exert 
optimum activity at interfaces, such as the cell membrane. To call 
ACh a coenzyme is to do no more than to suggest that it participates 
in a reaction involving enzymes; and it is certainly true that reactions 
of this rapidity—including fixation and subsequent action—are almost 
certainly catalyzed and regulated by enzymes somewhere along the 
line to completion. However, in readily admitting the likelihood of 
enzyme availability for reaction with drugs, we must realize that they 
are not necessarily the point of attack when drugs influence the process 
variously viewed as depolarization, permeability change, reorientation 
of cell membrane constituents or the alteration of the state of protein 
chains abutting on the cell surface. 

The fact that the receptor must compete with cholinesterase for 
ACh, and also for atropine and curare (7) and other drugs in the group 
I once called cholinotropic (8), would appear to be an indication that 
the receptor has at least a similar prosthetic group in common with the 
hydrolyzing enzyme and with the drugs mentioned. We might visu- 
alize the receptor as possessing a sort of master or, better, a skeleton 
key for the entire group. 

It must be readily apparent that, though we are concerned with the 
mode of action of acetylcholine, we have really not gotten beyond the 
question of the site and manner of its fixation, only subsequent to which 
the reaction can occur. Whether the resulting change is an excitation 
or increase, or an inhibition or decrease in some aspect of cell function, 
we can, if we wish, quite profitably think of most drugs as becoming 
fixed to and always exciting or activating specific receptors, which in 
turn trigger off excitatory or inhibitory processes within the cell. 

It is necessary to distinguish between true inhibition and the depres- 
sion, often postexcitatory, accompanying larger or excessive doses. 
The latter? has often been compared to fatigue and resembles it at least 


2 Brown, Dale and Feldberg (9) have postulated in the case of striated muscle 
that the paralytic action of large doses of ACh is not confined to the end plate 
region. Brown and Feldberg (10) likewise picture a more diffuse action for the 
depressant effect in the superior cervical sympathetic ganglion of the cat. 
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in that, asa rule, it is less readily reversible than the primary inhibition. 
I do not feel that such depression is a true inhibition, in the same sense 
as the specific primary effect of small doses. True inhibition produced 
by drugs is not preceded by excitation in the vertebrates. 

The excitatory effect of ACh in the atropinized mammalian heart 
has been found by Hoffman et al (11) and by McNamara, Krop, and 
McKay (12) to be due to the release of a sympathomimetic substance 
whose action can be blocked by ergotoxine. McDowall (13) has also 
shown that the stimulating effect could be abolished by ergotoxine and 
by still larger doses of atropine. These facts are best explained by 
assuming a cholinergic synapse—therefore activated by ACh and 
blocked by atropine—whose postsynaptic fibers release a sympatho- 
mimetic substance. This description would fit best a sympathetic 
ganglion located in the heart itself, and the action of atropine is similar 
to the reversal it induces in ACh vasodepression. This reasoning is 
not weakened by McDowall’s demonstration of the effect without the 
use of atropine in the mammalian ventricle after cutting the A-V 
bundle, since, as McDowall himself points out, the mammalian ven- 
tricle receives no vagus innervation. It would therefore not be respon- 
sive to acetylcholine but would be excited by the cholinergically 
released sympathomimetic substance. The effect ordinarily masked 
in the non-atropinized heart is thus exposed by isolating the ventricle. 

It is rather difficult with ordinary pharmacological techniques to 
record the immediate or very early course of drug action. I therefore 
wish to show you such a record for the synaptic inhibiting action of the 
functional counterpart and antagonist of ACh—adrenaline. Here 
also Burn (14) has brought up the question of an exciting action pre- 
ceding the synaptic inhibition of sympathetic ganglia described by 
Marrazzi (15). Fig. 1 illustrates the technique and Fig. 2 shows the 
graph of continuously recorded results. It is evident that the first 
and only action is an inhibition indicated by the depression of the two 
postsynaptic spikes. Continuous visual observation of the oscillo- 
graph throughout the experiment likewise showed no evidence of pre- 
liminary stimulation. 

If a preliminary stimulating effect in the heart of this mollusc (Venus 
mercenaria) were confirmed, it would only raise again the question of 
the nature of the ACh action in this organ in which, contrary to find- 
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ings elsewhere, the very characteristic and, so to speak, diagnostic 
effect of atropine is missing (Prosser, 16) and the effect of cholinesterase 
on the intensity of action is negligible. 
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Fic. 2. Prot oF Continvous REcorD SHOWING DEVELOPMENT AND COURSE OF 
GANGLIONIC INHIBITION By ADRENALINE 
From J. Neurophysiol., 10: 167, 1947 (Fig. 4) 


Although the distinction between primary inhibition and secondary 
depression is important, I do not believe it is crucial to further con- 
sideration of Dr. Welsh’s arguments and results. 

The Onium cation, which “must be regarded as the first pharma- 
codynamic group to be discovered”’ (17) again emerges in this prepara- 
tion as the important group in quarternary ammonium bases. Dr. 
Welsh makes an effective point in correlating the rapid wash out and 
the rapid biocking action with a surface locus of activity. 
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Experience shows that a demand for a rigid or strict correspondence 
of chemical structure between compounds with similar or related 
effects, e.g. ACh, the various anticholinesterases, atropine, methylene 
blue, would set up unnecessary difficulties. On the other hand, the 
experience of enzyme chemists shows that coarse relations or rather 
relations restricted to a small portion of the molecule are not unusual. 
It follows from some of these ideas that stains delineating well the 
functional motor end plate would be expected to have some ACh-like, 
anticholinesterase and even atropine-like or blocking effects. 

One of the most exciting parts of Dr. Welsh’s report deals with his 
plans for studying the receptor substance by utilizing staining tech- 
niques. Some of the obvious difficulties which will have to be over- 
come by such an approach are illustrated by the effects of curare, 
which in strong solutions will cause motor end plates to become opaque 
(18), or more aurophilic (19), but which, according to others (20), will 
not alter the appearance of the end plates in doses adequate to cur- 
arize. 

The remarks so far have been limited to processes taking place at 
neuro-effector junctions and in autonomic ganglia. A brief look at 
the more uncertain ground of the central nervous system is in order. 

There is great difficulty in relating the ACh content of tissue to func- 
tion, if indeed there is any direct relation. We may recall that Brown 
and Feldberg (10), in their study of the ACh metabolism of a sympa- 
thetic ganglion, concluded that they “‘could not assign a suitable réle 
to the acetylcholine or the choline obtainable from a ganglion by extrac- 
tion.” A complicating factor is that, so far, ACh is found practically 
only in efferent fibers and no data is available on the ratio of efferent 
to afferent cells and fibers in various parts of the nervous system nor, 
for that matter, on the ratio of excitable to supporting tissue. Fur- 
thermore, as McIntosh (21) points out, ACh is, on the one hand, virtu- 
ally absent from the pyramidal tracts and, on the other hand, is present 
in great abundance in non-nervous tissue like the spleen and placenta, 
which have no obvious need for special communication facilities. 
Accordingly, McIntosh regards as better founded deductions based on 
the absence rather than on the presence of extractable ACh. Since 
Dr. Welsh’s results are on the basis of water extractable ACh only (no 
protein denaturants used), they are perhaps not exactly comparable 
to those just quoted. Nevertheless, similar difficulties must operate. 
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Himwich et al (22) have established that in general the metabolic 
rate increases as the neuraxis is ascended, and that the immature rat 
brain has a lower rate and is more resistant to anoxia than the adult. 
The corollary seems to hold that resistance to anoxia parallels decreas- 
ing metabolic rate. If, then, there is a relation between ACh content 
and function, could not as good a case be made out for the idea that 
larger stores of ACh ( arger production with lower cholinesterase activ- 
ity in the infant rat brain) are associated with regions of lower metabo- 
lism and consequently greater resistance to anoxia? 

Need the accelerat ng effect of ACh on salivary gland slices mean 
any more than that the secretory cells are activated and oxidation 
secondarily follows suit? Lipton (23) failed to find an increase due 
to ACh in rat brain, while Shaffer, Chang and Gerard (24) observed a 
decrease in peripheral nerve. 

Denervated tissues undergo atrophy of disuse unless they are capable 
of autonomous activity. Since ACh and related drugs activate dener- 
vated tissues and otherwise control cholinergically innervated tissues, 
need we look for a trophic process separate from transmission and con- 
duction to explain Dr. Welsh’s striking preliminary results on planaria 
and those of Ward and Kennard on monkeys? 

Dr. Welsh has admirably explored many stimulating possibilities 
and signaled out deficits in our knowledge. We also have the feeling 
along with Dr. Welsh that, given an extensively studied field, further 
progress is often touched off by new or different techniques. We have, 
therefore, made preliminary excursions in measuring the electric field 
(dipole moment*) of drugs to study its possible determining influence 
on their orientation to the sensitive areas of the cell surface, the recep- 
tors, and we are initiating the further study of drug action on suitable 
films to analyze in greater detail their surface or interface activity, 
and, more particularly, the associating forces between drugs and active 
patch or receptive substance. 
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V. THE EFFECT OF ANTICHOLINESTERASES AND 
RELATED SUBSTANCES ON NERVOUS 
ACTIVITY IN THE COCKROACH! ? 


KENNETH D. ROEDER 
(Department of Biology, Tufts College, Medford, Massachusetts) 


INTRODUCTION 

While the specific objective of this paper is to discuss the physiology 
and pharmacology of the sixth abdominal ganglion of the cockroach, 
it is hoped that attention can be drawn to the potentialities of insects 
as material for basic research in physiology. To some, the small size 
of insects may appear to handicap their possibilities in this direction. 
However, experience has shown that where electrophysiological 
methods can be used, small size of the material may be advantageous, 
since the number of neurones to be encountered is much less. The 
suitability of insects for certain types of research may be judged from 
the fact that in a relatively modest research program at Tufts College, 
the common cockroach, Periplaneta americana, has provided two or 
three different types of ganglion preparations (9, 12), a giant fiber 
preparation, a sensory preparation consisting of fibers from specialized 
mechanoreceptors (8, 11), and a neuromuscular preparation. Some 
of these preparations have not been investigated fully, and cannot be 
discussed at this time. The sixth abdominal ganglion has been studied 
in some detail, and will serve to illustrate the research possibilities of 
insects. 


THE PREPARATION 


The abdominal portion of the ventral nerve cord of the cockroach 
terminates in a ganglion about 0.9 mm. in length. This is the sixth 


1 The work described in this paper was done under a contract between The 
Medical Division, Chemical Corps, U. S. Army, and Tufts College. Under the 
terms of this contract, the Chemical Corps neither restricts nor is responsible for 
the opinions or conclusions of the author. 

* The author wishes to express his gratitude to Mrs. Nancy K. Kennedy, and 
Miss Elizabeth A. Weiant, who carried out most of the observations on anticholin- 


esterase action. 


587 





588 KENNETH D. ROEDER 


abdominal ganglion (fig. 1), which serves as a sensory and motor center 
for the terminal abdominal segments. The major sensory supply to 
the ganglion consists of a pair of cercal nerves from each of the cerci. 
The cercal nerves appear to be entirely sensory, and contain a large 


i Jit. } 
SLA 








Fic. 1. DIAGRAM OF THE TERMINAL PORTION OF THE COCKROACH NERVE CoRD 
The lateral (L) and medial (M) cercal nerves enter the hemocoel from the base 

of the cerci, and pass to the sixth abdominal ganglion. One giant fiber is shown 

ascending the ventral cord. The neurone relations shown are approximate. 


number of afferent fibers from sense cells located at the bases of fine 
hair sensilla which invest the cerci. Pumphrey and Rawdon-Smith 
(9) have shown that the hair sensilla constitute a primitive auditory 
organ, or wind gauge, mechanically responding to air movements 
ranging from gentle air currents up to air-born vibrations in the audible 
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range. Onentering the sixth abdominal ganglion, fibers from the sense 
cells of the hair sensilla synapse with six to ten large fibers ranging 
from 10 to 50 microns in diameter. These so-called giant fibers can 
readily be identified in sections of the abdominal cord, which they 
ascend without synaptic interruption. On entering the thoracic 
ganglia the giant fibers form connections with motor centers concerned 
in the evasion reflex. Physiological evidence indicates that many 
afferent fibers from the cercal nerves synapse with each ascending giant, 
and that the majority of afferent fibers form only homolateral con- 
nections. Information on anatomical relations within the ganglion is 
very meagre, though there are indications that the giant fibers orig- 
inate as multicellular neurones, and that the afferent fibers form a 
complex net-work around the fibers near their origin from four or five 
cell bodies in the cortex of the ganglion. 


METHODS 


Impulse conduction through the ganglion is studied by electrical 
stimulation of the cercal nerves on one side. A monophasic square 
pulse of 300 microseconds duration is applied through fine tapered 
silver electrodes in contact with the nerve as it emerges from the base 
of the cercus. The post-synaptic response is recorded either from the 
anterior part of the ganglion, or from giant fibers in the homolateral 
connective of the nerve-cord. Amplifying equipment consists of two 
channels of Grass P3 capacity couple amplification. The oscilloscope 
is a double-gun 5SP11 tube installed in a modified 247 DuMont oscil- 
loscope (Bullock, 1). 


IMPULSE TRANSMISSION THROUGH THE SIXTH ABDOMINAL GANGLION 


The nature of transmission through the ganglion is illustrated by 
figure 2. The upper trace in each record was obtained from electrodes 
under the cercal nerve at its entrance into the ganglion, and the poten- 
tial change is due to the arriving pre-synaptic volley. The lower trace 
was obtained from the point where the nerve-cord arises from the 
anterior end of the ganglion, and records the departure of the post- 
synaptic volley in the giant fibers. The stimulus was applied to the 
cercal nerve at the base of the cercus at a frequency of 1 per second. 
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All records in figure 2 were obtained from the same preparation and 
differ only in the strength of the stimulus applied. 





Fic. 2. PRE- AND Post-SYNAPTIC RESPONSES IN THE SIXTH 
ABDOMINAL GANGLION OF THE COCKROACH 
Approximate electrode positions are shown in J. The upper trace in each record 


consists of the compound spike potential in cercal fibers entering the ganglion. 
The lower trace records spike potentials in giant fibers leaving the ganglion. The 
stimulus applied to the cercal nerve was progressively increased through the series. 
For full explanation, see text. Stimulus frequency, 1/sec. Time is given by 10 
kilocycle modulation of the beam intensity in E. Every tenth cycle is marked by 
a vertical line. 


A measure of the synaptic stimulus is the size of the pre-synaptic 
volley, which increases with the stimulus throughout the series. Direct 
observation of the pre-synaptic volley on the oscilloscope shows that 
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its growth is practically stepless as the stimulus is increased, and it 
appears to be compounded of a considerable number of small spike 
potentials. In figure 2a the pre-synaptic volley is considerable, though 
there is insufficient spatial summation to fire any of the post-synaptic 
giant fibers. A slight increase in the presynaptic volley reaches the 
threshold of a single post-synaptic fiber (2b), and a single spike poten- 
tial appears abruptly in the lower trace. Further increments in the 
pre-synaptic volley (c, d, e) cause a slight increase in the post-synaptic 
spike, due presumably to the addition of smaller spikes, though the 
most noticeable change is a shortening in the conduction time for the 
post-synaptic response which is in no way matched in the pre-synaptic 
volley. This shortening of the trans-synaptic conduction time (utili- 
zation time) may amount to as much as 0.8 millisecond. A further 
increase in the size of the pre-synaptic volley (f, g) causes the appear- 
ance of two more post-synaptic spikes. The fibers which contribute 
the latter appear to respond only at maximum utilization time, since a 
further increase in the pre-synaptic volley (h) causes them to approach 
and eventually to sum with the original spike. The pre-synaptic volley 
at this point reaches the threshold of a fourth giant fiber. 

Measurement of the synaptic delay is being attempted by two 
methods; analysis of potentials recorded from the surface of the gan- 
glion, and analysis of cord potentials initiated by direct stimulation of 
the ganglion. Results are incomplete, but the minimum synaptic 
delay exclusive of the utilization time appears to occupy 1.1 milli- 
seconds. 


CHEMICAL RESPONSES OF THE SIXTH ABDOMINAL GANGLION 


Provided that it is not exposed to prolonged periods of rapid stimu- 
lation, the ganglionic preparation described above is remarkably stable. 
Many preparations have been stimulated intermittently for six to 
eight hours with little or no change in threshold. The saline used to 
bathe the preparation and to apply the agents has the following compo- 
sition; NaCl 9.0 gm., CaCl, 0.2 gm., KC] 0.2 gm., H,O 1000 ml. Ten 
ml. isotonic phosphate buffer is added to buffer the saline to pH 7.2. 
It has been shown that the cockroach nervous system will tolerate wide 
variations in calcium and potassium (10). 

Anticholinesterases. The effects of physostigmine, diisopropyl 
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fluorophosphate, and hexaethyl tetraphosphate on synaptic trans- 
mission in the sixth abdominal ganglion have been described elsewhere 
(12, 13). The characteristic effect of these substances is to facilitate 
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Tue Errect oF DFP on TRANSMISSION THROUGH 
THE SIxTH ABDOMINAL GANGLION 

A. Normal ganglion; 17 stimuli (10/sec.) given near middle of trace. Stimulus 
artifact appears at the beginning of each sweep. B. Ganglion treated with 
5 X 10-° M. DFP; 9 stimuli (3/sec.) begun on second sweep. After a few normal 
responses, after-discharge begins and continues after stimulus is turned off (second 
from last sweep, B1). It continues for some time (B2 and B3) and is followed by a 
block (C) 


synaptic transmission at low concentrations, blocking it at higher con- 
centrations. Though the post-synaptic fibers normally respond with a 
single spike to each pre-synaptic volley, and are able to follow the 
latter up to frequencies of 400 per second, fifteen minutes after direct 
application of 5 X 10-° M. DFP, a brief series of afferent stimuli 
elicit a post-synaptic after-discharge which may last for 15 to 20 
seconds (figure 3b). The after-discharge may be followed by a brief 
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period of normal synaptic transmission, or more usually by a synaptic 
block (fig. 3c). The block may last for one to five minutes, when a pre- 
synaptic volley may cause another after-discharge. Synaptic conduc- 
tion remains in an extremely unstable state, and spontaneous or pre- 
synaptically induced after-discharges may alternate with block for 
several hours. In no case was it possible to bring a DFP-treated 
preparation back to normal by washing with saline, though periods of 
prolonged block could be broken in this way, and the preparation 
brought back to the after-discharge condition. Higher concentrations 
(up to 10-* M.) of DFP caused little additional effect, though the 
periods of block appeared to become longer. 

Hexaethyl tetraphosphate and tetraethyl pyrophosphate have very 
similar actions, both being more potent than DFP. A solution of 
3 X 10-7 HETP or TEPP will bring about the condition in which an 
afferent volley elicits an after-discharge, within 10 to 15 minutes. 
Higher concentrations of these agents have a tendency to produce 
continuous synaptic block, while washing causes no return to normal, 
though the block may give place to the after-discharge condition. 

Physostigmine in 5 X 10-* M. solution has a similar effect though 
the after-discharge produced is very brief, and the blocking tendency 
is greater. Prostigmine in a similar concentration causes only a 
synaptic block. The effects of physostigmine and prostigmine can be 
removed by washing with saline. 

The effects of these substances are summarized in table 1. Included 
in this table are data from Chadwick and Hill (2), who determined the 
percent cholinesterase inhibition in the roach cord in the presence of a 
series of concentrations of DFP, HETP, and physostigmine. It will 
be seen that there is a striking correlation between the concentration of 
each agent capable of inhibiting 93 to 96 percent of the cord cholin- 
esterase, and the concentration just capable of producing the after- 
discharge. The conclusion is inescapable that normal synaptic func- 
tion in this ganglion is dependent on the presence of a certain level of 
cholinesterase. 

In contrast, transmission along giant fibers of the ventral cord is 
completely unaffected by these agents in the concentrations used above. 
Since the giant fibers in the abdominal cord are uninterruped by syn- 
apses, it is possible to study axonic transmission by stimulating the 
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cord just above the sixth abdominal ganglion, while giant fiber poten- 
tials are recorded from a higher level. The axonic effects of DFP and 
HETP were studied intensively, but no significant change in axonic 
conduction was noted until 3 xk 10-* M. HETP or 6 X 10° M. 
DFP were applied (table 1). At these concentrations there was an 
immediate conduction block which could be removed within a few 
minutes by washing with saline. A similar effect was first described by 
Crescitelli, Koelle and Gilman (4). 

Since both DFP and HETP hydrolyse in aqueous solution to produce 
free acid, it was thought that hydrogen ions might be responsible for 


TABLE 1 


Summary of anticholinesterase action on the roach nerve-cord 


NEGATIVE LOG, MOLAR CONCENTRATION CAUSING: 


Percent ChE. Synaptic 


ae Inhibition after- — A 
(in parentheses). discharge on . Viork ‘block. 
After Chadwick afferent _— — 
and Hill stimulus 
HETP LB Seas MG aaa 6.3 (94%) 6.5 6.5-6.0 2:5 
TEPP Deiat knots n.t. 6.5 6.5-6.0 n.t. 
DFP : a 4.3 (93%) 4.3 3.0 1.2 
Physostigmine see 4.3 (96%) 4.3 4.3-4.0 3.0 
Prostigmine ‘ n.t. none 4.3 n.t. 


n.t.; not tested. 
* No axone block produced when neutralized. 


the axone block produced. The preparation of concentration-pH 
curves for DFP and HETP in insect saline showed that at synaptically 
active concentrations (5 X 10-' M. and 3 X 10~ M. respectively) 
there was insufficent free acid produced to alter the pH of the buffered 
saline. At the concentrations producing axonic block (6 x 10 M. 
and 3 X 10-* M. respectively), both agents in insect saline had a pH 
of 2.0 to 2.3. Neutralization with isotonic Na:HPO, completely re- 
moved the axone-blocking ability of HETP without altering its action 
on synapses. As a further check, saline was acidified by the addition 
of phosphoric acid and applied to axones. When the solution had a 
pH of 2.0 to 2.5 an immediate and reversible axone block was produced, 
which appeared to be identical with that caused by unneutralized 
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HETP. Thus, the axone-blocking ability of hexaethyl tetraphosphate, 
the most active anticholinesterase and synaptic agent studied, appears 
to be due only to acid produced on hydrolysis. Neutralization of DFP 
in a similar manner failed to eliminate its ability to block axones, and 
its mode of action on the latter remains obscure. 

Acetylcholine. Stability of synaptic conduction across the sixth 
abdominal ganglion of the cockroach is dependent on the amount of 
cholinesterase present. The possibility that acetylcholine serves as 
synaptic mediator was investigated quite fully. Acetylcholine chloride 
(LaRoche) and bromide (Merck), acetyl-beta-methylcholine, and 
carbaminoylcholine were applied to the ganglion in concentrations up 
to 10-* M., both alone, and preceded by physostigmine, DFP, and 
HETP. When applied alone acetylcholine and related substances 
clearly had no action on transmission through the ganglion. When 
applied after treatment with an anticholinesterase, effects were very 
difficult to observe. It was reported earlier (13) that acetylcholine 
would block conduction under these circumstances, though a prolonged 
series of tests (30 to 40) performed later makes this conclusion very 
doubtful. All the anticholinesterases produce a condition of such 
synaptic instability that the mere application of a drop of saline to the 
ganglion has been observed to initiate an after-discharge and subse- 
quent block. It seems likely that the earlier results were due to this 
effect, and it can safely be said that acetylcholine adds little if anything 
to the change produced by the anticholinesterase. Acetylcholine and 
related compounds were also applied to ganglia previously treated with 
concentrations of anticholinesterases just insufficient to produce syn- 
aptic instability. No effect could be noted. A similar lack of action 
of acetylcholine on Crustacean synapses has recently been reported by 
Shallek and Wiersma (14). 

Though acetylcholine appears to be without action on synaptic con- 
duction, it has been demonstrated repeatedly that the roach cord 
contains considerable quantities of acetylcholine (3, 6, 15). Determi- 
nations in this laboratory, using the frog rectus abdominis as assay 
object, gave an average figure of 32 gamma acetylcholine per gram of 
cord (wet weight) in the presence of 10-* physostigmine, and 38 
gamma per gram in the presence of 10-* HETP, figures which are in 
substantial agreement with earlier determinations. During the assays, 
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portions of the cord homogenates to be tested on the rectus were also 
applied to ganglia, but had no effect other than that which could be 
attributed to the anticholinesterase present. 

Atropine, Scopolamine, and Curare. In vertebrates, these drugs are 
thought to block either the muscarinic or nicotinic effects of acetyl- 
choline by rendering post-synaptic elements insensitive to the action of 
the mediator. All of them are notably inactive on insects, and failed 
to affect transmission through the sixth abdominal ganglion. They 
were applied in concentrations up to 10-*, at which point atropine 
appeared to block transmission in one or two cases. Lower concentra- 
tions (10-*) were without effect either on normal ganglia, or on those 
which had been treated previously with anticholinesterases. The 
complete lack of action of curare was clearly demonstrated in an experi- 
ment in which a 10~’ solution of curare completely blocked the response 
to 10’ acetylcholine in a frog rectus abdominis muscle previously 
sensitized with anticholinesterase. A solution of 10-* curare from the 
same sample was completely without effect when applied to a ganglion 
showing after-discharges resulting from the same concentration of 
anticholinesterase. 


DISCUSSION 


These observations may be briefly summarized: 

1. The effect of DFP, HETP, and physostigmine synaptic trans- 
mission in the sixth abdominal ganglion is closely correlated with their 
antiesterasic activity. 

2. This correlation does not receive an explanation from studies on 
the action of acetylcholine and related substances which appear to be 
without synaptic action. 

3. The lack of action of acetylcholine is correlated with the lack of 
action of acetylcholine-blocking substances, such as atropine, scopola- 
mine, and curare. 

4. The action of anticholinesterases on axonic transmission in the 
insect ventral nerve cord appears to be unrelated to antiesterasic 
activity. The most powerful anticholinesterase, HETP, failed to 
block axones when neutralized, though this did not affect its synaptic 
action. 

The alternating synaptic facilitation and block produced by DFP 
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and HETP suggests that cholinesterase is intimately concerned with 
regulation of the effect produced by the pre-synaptic volley. There is 
no indication that conduction in pre-synaptic fibers is affected, though 
the volley arriving at the ganglion may actually become smaller owing 
to a slight rise in threshold in the sensory fibers produced by DFP. In 
spite of this, the synaptic effect produced by the arrival of a pre- 
synaptic volley after partial inhibition of cholinesterase may last for 
several seconds, whereas it normally lasts for less than 2.0 milliseconds. 
Following almost complete inhibition of the enzyme, the effect of an 
arriving pre-synaptic volley may last indefinitely, and a prolonged 
synaptic block is established. At threshold concentrations of the 
enzyme inhibitor, it can be shown that destruction of cholinesterase 
alone is not responsible for synaptic block, but that the arrival of a 
pre-synaptic volley is necessary. It is possible, though difficult, to 
prevent a DFP-treated ganglion from blocking for some time. This 
can be done only by reducing the possibility of all forms of stimulation 
to zero, and the ganglion must be deafferentiated. If this is not done 
synaptic instability reaches the point where the slamming of a distant 
door, or a slight movement near the preparation is sufficient to stimu- 
late a few hair sensilla and initiate after-discharge and block. At 
higher concentrations of DFP, after-discharges appear to arise spon- 
taneously, though they can still be precipitated by a brief pre-synaptic 
volley. 

All these observations point to the persistence of a synaptic mediator 
substance in the absence of cholinesterase, and the picture is very 
similar to that described by Marrazzi and Jarvik (5) in mammalian 
autonomic ganglia. At this point the similarity ends, since acetyl- 
choline and acetylcholine-blocking drugs appear to be without action. 
Only two explanations can be seen at the moment. Either acetyl- 
choline, acetyl-beta-methycholine, carbinoylcholine, curare, atropine 
and scopolamine are unable to penetrate to synapses within the 
ganglion, while DFP, HETP, TEPP, physostigmine, and prostigmine 
are manifestly able to do so; or the synaptic transmitter in this ganglion 
is not acetylcholine. There appears to be little evidence to justify the 
first explanation, which has also been proposed by Nachmansohn and 
Rothenberg (7) to account for the differential effects of DFP on axones 
and synapses. The difference between the group of compounds which 
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are synaptically effective and the group which is not is rather one of 
physiological action than of chemical structure. If differential pene- 
tration is the answer, evidence will be difficult to obtain, since the 
amount of a compound accumulating in the interior of an axone seems 
to provide little information about the amounts which reach the active 
surface of the axone, which is thought to play the primary part in 
conduction. The second explanation is equally lacking for evidence, 
though the important réle of cholinesterase in synaptic conduction 
suggests that the transmitter may be chemically related to acetyl- 
choline. 

Though it has been demonstrated that cholinesterase plays an im- 
portant part in synaptic conduction, there is no evidence that this is 
the case with axonic conduction in the ventral nerve-cord. The most 
effective anticholinesterase, HETP, blocks axones only because of the 
free acid produced on hydrolysis. Though DFP in 6 x 10 M. solu- 
tion continues to block axones after neutralization, it is interesting to 
note that 5 X 10-* potassium chloride also blocks axonic conduction 
in the nerve-cord, but unlike the anticholinesterases, it exhibits no 
preferential action on synaptic conduction (10). A somewhat lower 
concentration of hydrogen ions (pH 2.0 to 2.3) causes a similar axonic 
block. It seems likely that many substances will block axones in this 
concentration, and this effect must be regarded as non-specific and 
possibly physical until it is demonstrated to be otherwise. 


SUMMARY 


1. The characteristics of transmission across synapses in the sixth 
abdominal ganglion of the cockroach are discussed, and it is recom- 
mended as an excellent preparation for the study of synaptic events. 

2. It is shown that di-isopropyl fluorophosphate, hexaethy] tetra- 
phosphate, tetraethyl pyrophosphate, physostigmine, and prostigmine 
produce various degrees of synaptic facilitation (after-discharge) and 
synaptic block. The threshold potency of these agents in affecting 
synaptic transmission is closely correlated with their anticholinesterase 
activity. 

3. Acetylcholine, acetyl-beta-methylcholine, and carbinoylcholine 
appear to have no synaptic action. Likewise, acetylcholine-blocking 
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substances such as atropine, scopolamine, and curare are without effect 
on synaptic conduction in the cockroach. 

4. The action of anticholinesterases on conduction along axones in 
the ventral nerve-cord appears to be unrelated to their anticholin- 
esterase properties. Conduction block in axones is obtained only with 
high concentrations of the agents, and the most effective anticholin- 
esterase, HETP, fails to block axones when neutralized, though this 
treatment does not affect its synaptic action. 

5. It is concluded that cholinesterase is of primary importance in 
conduction across insect synapses, and that the synaptic change which 
follows destruction of the enzyme suggests persistence of a synaptic 
mediator substance. There is no evidence that the synaptic mediator 
is acetylcholine. 
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DISCUSSION 


A. McGEHEE HARVEY 
(Department of Medicine, The Johns Hopkins Hospital) 


In a mammalian nerve muscle preparation, eserine, neostigmine and 
DFP have several characteristic actions. The muscle action potential 
under these circumstances is converted into a short asynchronous salvo 
indicating a repetitive response of the muscle fibers to a single nerve 
stimulus. Furthermore, the excitation of eserinized muscle by a train 
of motor nerve vollies, at a frequency greater than 6 per minute, results 
in a progressive depression of the twitch tension. Stimuli applied to 
the motor nerve at a rate of 50 per second cause a brief contraction, 
followed by relaxation of the muscle. That a depression of neuro- 
muscular conduction results from the accumulation of a paralyzing con- 
centration of acetylcholine is suggested by the observation that the 
enhanced responses of eserinized skeletal muscles to low frequency 
single nerve vollies are abruptly depressed by the concurrent intra- 
arterial injection of a minute amount of acetylcholine. All of these 
phenomena can be reproduced in the human subject by injecting the 
anticholinesterase into the brachial artery and studying the function of 
the muscle abductor digiti quinti in response to stimulation of the ulnar 
nerve. It will be noted that the voltage of the muscle action potential 
in response to a maximal motor nerve volley is not altered by the 
presence of an anticholinesterase, just as the postsynaptic potential 
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described by Dr. Roeder is not altered under these circumstances. 
How far the analogy between the repetitive discharge of the muscle, in 
response to stimulation, and the blocking effect following activity can 
be compared to the phenomena which Dr. Roeder has demonstrated 
in the nervous system of the cockroach one can not say, but the general 
pattern seems somewhat similar. The greatest difficulty is afforded by 
the fact that, in contrast to the neuromuscular system, the post- 
ganglionic fibers of this cockroach preparation do not seem to be sen- 
sitive to stimulation by applied acetylcholine. 

It seemed of interest in relation to these experiments of Dr. Roeder’s 
to review briefly the effects of di-isopropylfluorophosphate on the 
central nervous system in man. The daily intra-muscular injection of 
this substance in normal subjects, who are not receiving any other 
medication, usually results in the development of symptoms referable 
to the central nervous system including excessive dreaming, insomnia, 
restlessness, increased tension, emotional lability, subjective tremulous- 
ness, nightmares, headache, increased libido, giddiness, drowsiness, 
paraesthesia, mental confusion, visual hallucinations, and occasionally 
pains in the legs of sciatic distribution. It is of interest that these 
symptoms are not significantly affected by the administration of 
neostigmine, but are diminished to some degree by atropine. Electro- 
encephalograms taken during the period in which these symptoms are 
present show an increase in the potential size and in the frequency and 
irregularity of the rhythm. In many instances there is the appearance 
of abnormal waves similar to those seen in patients with grand mal 
epilepsy. These electro-encephalographic changes are promptly re- 
versed by atropine and are not affected by neostigmine or curare. All 
that one can say is that in these experiments central nervous system 
effects have been produced by DFP, which to date is shown to have no 
other important action than its ability to destroy cholinesterase. The 
production of these central nervous system effects by a compound 
which has been shown to inhibit cholinesterase within the brain sug- 
gests that the acetylcholine cycle does play a positive but as yet un- 
defined réle in central neural function. The point which I wish to 
emphasize here is that in the human subject one is able to study the 
effects of this drug without the introduction of conflicting factors, and 
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in the normal human subject one is able to record the subjective alter- 
ations in normal nervous system function as well. 

I think it is also worth pointing out very briefly that certain addi- 
tional technics are available by which the clinical neurophysiologist 
may be able to obtain more detailed knowledge of central nervous 
system function and to study in a more precise fashion the effects of 
various diseases and chemical agents on this function. Piper, in his 
monograph on Electrophysiology of Human Muscle, was the first to 
suggest that conduction velocity in a peripheral nerve may be measured 
by stimulating the nerve at two different sites, measuring the latencies 
of the muscular responses evoked by each shock, and dividing the 
latency difference by the distance between the points of stimulation. 
The following illustration is taken from his monograph published in 
1914. 

Even with the relatively primitive electrophysiological technics 
available during the early part of this century, clinical physiologists 
became interested in their applications to the study of spinal cord reflex 
activity in human subjects. Hoffman was the first to demonstrate the 
feasibility of studies of this type. He first devised a method for record- 
ing the impact of a blow on the patellar tendon and in the same record 
the electromyogram from the quadratus muscle. He realized that the 
measurements were complicated by the characteristics of the sensory 
end organ, and going a step further found that by electrical stimulation 
of the mixed nerve he was able to excite a reflex response which could 
be recorded electrically. It is possible using this technic to stimulate 
with a current of just sufficient strength to excite only one motor unit 
in the muscle from which one is recording and also to set up a reflex 
response involving this same motor unit. 

Dr. George Dawson found in studying a patient suffering from myo- 
clonic seizures that electrical stimulation of a peripheral nerve produced 
an electrical potential detectable on the scalp. These changes in 
potential were detected over the hemisphere on the side opposite to 
that stimulated. They were located near to the midline when the 
lateral popliteal nerve in the leg was stimulated and more laterally 
when the ulnar nerve was stimulated in the arm. Extending these 
studies to healthy subjects, Dawson has been able to demonstrate that 
potential changes of cerebral origin, which probably arise in the central 
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and post-central cortex, may also be detected on the scalp following 
electrical stimulation of peripheral nerves. In the record shown in this 
slide taken from Dawson’s paper which appeared recently, one can see 
the responses to stimulation of the left and right median nerves at the 
elbow and the left lateral popliteal nerve at the head of the fibula. The 
electrodes were applied over the surface markings of the sensory-motor 
area in the midline and 6 and 12 cm. from it on either side. A stimulus 
to the left median nerve in A produced a potential change maximal near 
the electrode on the right side common to leads one and two, six cm. 
from the midline. A stimulus to the right median nerve B produced a 
similar disturbance on the left side of the head. Stimulation of the 
left lateral popliteal nerve gave rise to a potential change nearer to the 
midline electrode than to any of the others. The latency of the re- 
sponse to stimulation in the leg was 36 plus or minus 2 m.sec., about 14 
m.sec. longer than when the median was stimulated. 

One can see that, although the methods are still relatively crude and 
the potential contributions of the clinical neurophysiologist are still in 
the developmental phase, it is becoming possible to gather more and 
more reliable facts. The unique physiological experiments created by 
naturally occurring disease, combined with a study of the effects of 
various chemical agents on nervous system function in human beings, 
may uncover many stimulating leads. These may serve as a com- 
plement to the interesting and valuable studies which Dr. Roeder has 
presented this afternoon. There are a few questions of a general 
nature which I would like to ask Dr. Roeder: 

1. Has any other pattern of stimulation been employed in these 

experiments? 

2. Whether there are any threshold changes demonstrable following 
the application of acetylcholine, using presynaptic vollies just 
insufficient to stimulate any postsynaptic fibers? 

3. What happens when the presynaptic nerves are cut and allowed 
to degenerate as far as the effect of DFP and acetylcholine appli- 

cation are concerned? 
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